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ABSTRACT 
The Biochemical Basis for The Induction of miR-21 Expression by The Mu-Opioid 

Receptor 
Jen-Kuan Chang 

Doctor of Philosophy 
Temple University, 2015 

Doctoral Advisory Committee Chair: Thomas J. Rogers 
 

Opioid receptors are members of the superfamily of seven transmembrane G 
protein-coupled receptors (GPCRs) which share several structural and functional 
characteristics. There are 3 subtypes of opioid receptors, designated μ (MOR), δ (DOR), 
and κ (KOR) opioid receptors, have been found in the immune, nervous, gastrointestinal 
and other tissues. We have attempted to clarify the nature of MOR-induced signal 
transduction pathways in leukocytes. We found that the activation of MOR leads to a 
significant induction of ERK phosphorylation in peripheral blood mononuclear cells using 
the MOR-selective agonist DAMGO. We are interested in determining the role of this 
signaling pathway in the regulation of the immune response. Our experiments using 
selective inhibitors suggests that the activation of ERK involves a pathway composed of 
Raf, Ras, and MEK1/2 kinases, but is independent of PI3 kinase. After treatment of 
multiple protein kinase inhibitors we found the PKC inhibitor Go-6983 and PLC inhibitor 
U73122 could also inhibit MOR-induced ERK phosphorylation. Additional work has 
shown that PKCμ/PKD1, a family member of Protein Kinase D subfamily, may be involved 
in MOR-induced ERK phosphorylation. Our experiments show that PKCμ/PKD1 S916 is 
phosphorylated after MOR activation, and the PKCμ specific inhibitor CID755673 
inhibited MOR-mediated ERK activation.  

In addition, we have found that MOR-induced ERK activation is involved in the 
opioid-induction of miRNA expression. We found miR-21, miR-155, miR-29a, miR-20b 
expression were significantly up-regulated following morphine treatment, and 
morphine-induced miR-21 expression is down-regulated following pretreatment with 
the ERK inhibitor U0126 and PKD inhibitor CID755673 in human primary monocytes. 
These results suggest that morphine-induced MOR activation results in up-regulation of 
miRNA expression in human monocytes and this may play an important role in the 
modulation of monocyte and/or macrophage function.  
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CHAPTER 1 

INTRODUCTION 

OPIOIDS AND OPIOID RECEPTORS 

Opioids Receptors Structure, Nomenclature, and Distribution 

 

Opioid receptors belong to the class A (Rhodopsin) family of G protein-coupled 

receptors (GPCR) with an extracellular N-terminal domain, seven-transmembrane 

domains, and an intracellular C-terminal tail. Opioid receptors contain seven hydrophobic 

transmembrane domains (TM I-VII) with connecting extracellular (e1-e3) and 

intracellular (i1-i3) loops. The seven-transmembrane domains arrange counterclockwise 

when viewed from the extracellular side (Waldhoer et al., 2004). The extracellular N-

terminal domain can be heavily glycosylated with Asn-linked glycosylic chains. The 

intracellular domain interact with G-proteins and regulate multiple cellular responses. 

The opioid receptor family has three major types designated μ (for morphine), κ 

(for ketocyclazocine), and δ (identified in mouse vas deferens) receptors (Bzdega et al., 

1993, Liu-Chen et al., 1993, Meng et al., 1993), as well as other receptors such as the 

Nociceptin receptor, σ receptor, and ε receptor. The three major opioid receptors 
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distribute in different chromosomes, (chromosome 1 short arm distal part for DOR, 

chromosome 6 long arm distal part for MOR, and chromosome 8 long arm proximal part 

for KOR) and span large distances with multiple exons (Law et al., 2000). Opioid 

receptors share 73%-76% identities in the transmembrane domains, 63%-66% identities 

in the intracellular domains, and 34-40% identities in the extracellular domains (Minami 

and Satoh, 1995). Opioid receptors regulate many effectors including adenylyl cyclase, 

calcium channels, potassium channels, and mitogen activated protein kinases.(Law et al., 

2000).  

    Opioid receptors are most abundantly expressed in the central nervous system 

(CNS), including neurons, astrocytes and microglial cells (Ruzicka et al., 1995, Bodnar, 

2007). Opioid receptors are also expressed by some cells of the immune system (Wybran 

et al., 1979). μ-, δ-, and κ- opioid receptor messenger RNA (mRNA) has been detected in 

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

These cells also have been found to express functional opioid receptors based on radio-

labelled binding analysis (Paterson et al., 1984, Wick et al., 1996). The expression level 

of opioid receptors appears to be much lower in the immune system than in CNS tissues, 

yet opioid receptors in the immune system are still sufficient to mediate many biological 

responses (Ruff et al., 1985, Gutstein et al., 1997, Bohn et al., 2000). Opioid receptors are 
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also expressed in ectodermal cells, smooth muscle and terminals of sensory neurons in 

the GI tract (Konturek, 1980, Zollner and Stein, 2007).  
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Figure 1. Structure of μ Opioid Receptor (MOR) (Manglik et al., 2012). 
Molecular structure of the μ-opioid receptor bound with the selective antagonist β-
funaltrexamine (β-FNA). The structure of MOR views from membrane plane (left), 
extracellular (top) and intracellular (bottom). The ligand, β-funaltrexamine (β-FNA), is 
green and red spheres. 
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Opioid Receptor Agonists and Antagonists 

    

    Several opioid receptor agonists and antagonists are able to bind multiple receptor 

subtypes due to the similar structure and homology of opioid receptor family members. 

For example, morphine has been documented to bind μ, κ and δ opioid receptors and 

activate down-stream signaling pathways. However, morphine has greater binding 

affinity for μ opioid receptors than other opioid receptor family members (Raynor et al., 

1995). DAMGO ([D-Ala2, NMe-Phe4, Gly-ol5]-enkephalin) selective binds μ opioid 

receptor with high affinity as a μ-opioid receptor selective agonist, but DAMGO can be 

efficiently blocked by the selective μ opioid receptor antagonist CTAP (D-Phe-Cys-Tyr-

D-Trp-Arg-Thr-Pen-Thr-NH2) (Sterious and Walker, 2003). A summary of the selected 

endogenous and exogenous/artificial opioid agonists and antagonists are listed in Table 1. 
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Table 1: Agonists and Antagonists of Human Opioid Receptors. 
The common endogenous and exogenous of opioid agonists and antagonists are provided 
as reference. 

Receptor Endogenous 
peptides 

Peptide agonists Peptide 
antagonists  

Agonists Antagonists 

MOR Endomorphin-1 
Endomorphine-2 
β-endophine 
β-neoendophine 
Dermophine 

DAMGO 
PL017 

CTAP 
Octreotide 
(SMS201,995) 

Fentanyl 
Morphine 
Sufentanyl 

β-FNA 
Naloxonazine 

DOR Leu5-Enkephalin 
Met5- Enkephalin 
Met5- 
Enkephalin-Agr6-
Phe7 
Met5- 
Enkephalin-
Agr6Gly7Leu8 
Deltorphin 
Deltorphin I 
Deltorphin II 

DADLE 
DADPE 
DSLET 

ICI 174,864 
(inverse agonist) 
TIPP 
TIPP[ψ] 

BW373U86 
SIOM 
SNC 80 
TAN-67 

BNTX 
NTB 
NTI 
NTII 

KOR Dynorphine A 
Dynorphine B 

Dynorphine 1a  Bremazocine 
EKC 
Ketocyclazocine 
CI-977 
U-50,488 
U-62,066 
U-69,593 
ICI 199,441 
ICI 197,067 
BRL 52,537 
BRL 52,656 
6’-GNTI 

DIPPA 
norBNI 
5’-GNTI 
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Opioid Receptor Function 

   

  Opioid receptors have diverse functions in the CNS, immune system, and GI system, 

and play important roles in the modulation of signaling cascades (Matthes et al., 1996, 

Simonin et al., 1998, Gaveriaux-Ruff et al., 2001, Nadal et al., 2006). In the CNS, opioid 

receptor activation has multiple activities including analgesic effects, regulation of 

neurotransmitter release, regulation of hormone secretion, depression of neuronal firing, 

and the alteration of systemic processes such as hypotension and respiratory function 

(Simonds, 1988). Opioid receptors also play important roles in inflammation, 

phagocytosis, chemotaxis, cell proliferation, respiratory burst, HIV-1 infection, and 

antibody production in the immune system (Eisenstein and Hilburger, 1998, Rogers and 

Peterson, 2003). In the GI tract, the activation of opioid signaling pathways increases 

absorption of fluids, also decreases gastric emptying and mobility (Sobczak et al., 2014). 

Opioid receptors also interact with many intracellular proteins to modulate several 

signaling cascades in various tissues (Georgoussi et al., 2012). The complex network of 

opioid receptor-related signaling transduction remains largely unclear. 
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Opioid Receptor in Immune System 

 

   Both endogenous and exogenous opioid agonists has been shown to alter cell 

physiology and immune response (Wybran et al., 1979, Carr et al., 1996, Roy and Loh, 

1996, Sharp et al., 1998, Bidlack, 2000, McCarthy et al., 2001, Rogers and Peterson, 

2003). The activation of opioid receptors modulates immune cell functions, such as 

antibody production (Taub et al., 1991, Pruett et al., 1992, Bussiere et al., 1993), NK cell 

function (Bayer et al., 1990), macrophage function (Roy et al., 1991, Szabo et al., 1993), 

chemotactic responses (Ruff et al., 1985, Perez-Castrillon et al., 1992), mitogen responses 

(Bryant et al., 1988, Bayer et al., 1990, Lysle et al., 1993), cytokine, chemokine, and 

chemokine receptor expression (Alicea et al., 1996, Wetzel et al., 2000, Finley et al., 

2008, Happel et al., 2008), and the expression of miRNAs (Dave and Khalili, 2010, Wang 

et al., 2011, Barbierato et al., 2015).  

Although opioid receptor family members share strong sequence homology, the 

various subtypes of opioid receptors can exert opposite functions in the immune system 

(Pan, 1998, Rogers and Peterson, 2003). For example, μ opioid receptor activation 

induces up-regulation of many pro-inflammatory cytokines and cytokine receptors 

(Mahajan et al., 2002), but the activation of κ opioid receptor suppresses the expression 
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of several pro-inflammatory cytokines including IL-1, IL-6, and TNF-α in primary 

macrophages and macrophage/monocyte cell lines (Alicea et al., 1996). This is the 

evidence that functions of opioid receptor family members differ from each other, and 

demonstrated the complex networking of opioid receptor signaling cascades. 

    Monocytes play a central role in the innate immune response against diverse 

pathogens. They regulate the initiation and resolution of inflammation though 

phagocytosis, cytokine release, ROS release, and activation of leukocytes (Auffray et al., 

2009). Monocytes circulate in the peripheral blood before entering tissues and replenish 

tissue-specific macrophage populations. Monocytes are classified as three groups: 85% 

are classical monocytes (CD14++CD16- cells), and 5-10% non-classical monocytes 

(CD14+CD16++ cells) and 5-10% intermediate monocytes (CD14++CD16+ cells). The 

different subtypes of monocyte have different functions (due to the different surface 

markers and cytokine receptor expression), response to various stimuli, and have been 

recruited to inflammatory lesions (Malavez et al., 2015). In normal circumstances, 

monocytes are produced in bone marrow, circulate in blood for 24-48 hours then 

spontaneously apoptosis (Fahy et al., 1999). The dysregulation of monocyte function has 

been shown to be related to many inflammatory diseases including atherosclerosis, 

arthritis, and multiple sclerosis (Linker et al., 2009). Opioid receptor activation results in 
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modulation of monocyte migration, adhesion, and the expression of CCR2, CCR5, 

CCR7, CXCR4, IL-6, and TNF (Peterson et al., 1987, Singhal et al., 1996, Szabo et al., 

2002, Steele et al., 2003, Pello et al., 2006, Bonnet et al., 2008, Fiedorowicz et al., 2011, 

Wang et al., 2012).  

Activation of opioid receptors also regulates miRNA expression in leukocyte. 

Recently reports have shown that the expression of several miRNAs are regulated by 

opioid treatments in human immune cells, induce more aggressive form of HIV-1 

dementia, also involve in inflammation, monocyte function, and T-cell activation (Dave 

and Khalili, 2010, Wang et al., 2011). The mechanism of miRNA expression, function, 

and regulation by opioid receptors in the immune system have largely remained 

uncertain. 
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OPIOID RECEPTOR SIGNALING 

GPCR Signaling 

 

      Guanine Nucleotide Binding-Protein Coupled Receptors (GPCRs) are the largest 

protein superfamily in the mammalian genome. The major families or classes of human 

GPCRs including Rhodopsin family (Class-A GPCRs), Secretin and Adhesion families 

(Class-B GPCRs), the Glutamate family (Class-C GPCRs), and the Frizzled/TAS2 family. 

After activation, GPCRs rely on the G proteins to initiate singling pathways. G proteins 

have 3 subunits, α, β, and γ subunit. In the inactive state the α-subunit is bound to 

Guanosine diphosphate (GDP) and the β/γ subunit is bound to the receptor. GPCRs use G 

proteins to act as intracellular mediators or second messengers, and regulate various cell 

functions. The intracellular signaling pathways activated by GPCR signaling include 

cAMP (Cyclic Adenosine Monophosphate)/PKA (Protein Kinase-A), Ca2+/PKC (Protein 

Kinase-C), Ca2+/NFAT (Nuclear Factor of Activated T-cells), PLC (Phospholipase-C), 

PTK (Protein Tyrosine Kinase), PKC/MEK (MAPK/ERK1), p43/p44MAPK (Mitogen 

Activated Protein Kinase), p38MAPK, PI3K (Phosphoinositide-3 Kinase), NO-cGMP, 

Rho, NF-KappaB (Nuclear Factor-Kappa B), and JAK (Janus Kinase)/STAT (Signal 

Transducers and Activators of Transcription Factors) pathways (Gilchrist et al., 2002). 
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Once the extracellular ligand binds to the GPCR, the receptor conformation 

changes, and induces the activation of the G protein. GDP is then released from α subunit 

and replaced by Guanosine triphosphate (GTP). By the meantime, the GTP-α subunit and 

Gβγ subunit dissociates from the receptor, and activates down-stream signaling pathways. 

After GTP is hydrolyzed by the α subunit, the GDP-α subunit complex is re-associated 

with the Gβγ subunit and the GPCR, to terminate the signaling pathway. Previous studies 

have shown the G-protein subunits, are produced from several different genes, result in 

the ability to form more than one thousand different subunit combinations, to regulate 

many GPCR signaling pathways (Goldsmith and Dhanasekaran, 2007). (Fig.2) 
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Figure 2. The G Protein Activation and De-activation.  
Gα has GDP in the binding site in the inactive state. GPCR-ligand binding induces a 
GPCR conformational change to trigger the GTP replacement of GDP on the Gα subunit, 
active Gα dislocates from Gβγ subunits and induces downstream signaling pathways. 
After Gα dislocation, the Gβγ subunit binds to other effector proteins to induce further 
signaling. Then, GTPase activation leads to the new GDP-Gα subunit formation, and the 
new GDP-Gα subunit complex will be re-associated with the Gβγ subunit and GPCR to 
terminate the signaling pathway, to form a new inactive GPCR. 
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The Gα subunits, together with bound GTP, can affect intracellular signaling 

proteins or directly target proteins depends on the different α subunit subtypes (Fig.3). 

The Gα subunits can be divided into four major families: Gαs, Gαi/o, Gαq/11, and Gα12/13 

(Wettschureck and Offermanns, 2005). Gαs activates the cyclic adenosine monophosphate 

(cAMP)-dependent pathway by activating adenylyl cyclase and/or calcium ion channel 

signaling pathways (Weinstein et al., 2002). In contrast, the major function of Gαi/o is to 

inhibit the activation of adenylyl cyclase, calcium ion channel signaling pathways, and 

induce phospholipase C signaling (Sunahara et al., 1996, Schmidt et al., 1998). The 

activation of Gαq/11 activates phospholipase C (PLC), hydrolyze phosphatidylinositol 4, 

5-bisphosphate (PIP2) to diacyl glycerol (DAG) and inositol triphosphate (IP3) to activate 

down-stream signaling pathways (Hubbard and Hepler, 2006). DAG is a second 

messenger which activates protein kinase C (PKC), and IP3 diffuses in the cytosol, bind 

the IP3 receptor and the calcium channels on the surface of endoplasmic reticulum (ER) 

to alter the calcium concentration in cytosol, leading to activation of down-stream 

signaling pathways. Gα12/13 regulates cell processes through the guanine nucleotide 

exchange factors (GEFs) (Dhanasekaran and Dermott, 1996) to control the actin 

cytoskeletal remodeling in cells (Wang et al., 2006), and cell migration (Shan et al., 

2006). The function activities summarized in Figure 3. 
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Figure 3. The Functions of Gα Proteins (Modified from Promega®). 
After ligand binding, the Gα subunits trigger various signaling cascades. The Gαs subunit 
activates the cyclic adenosine monophosphate (cAMP)-dependent signaling pathway by 
activating adenylyl cyclase (AC). The Gαi subunit inhibit the production of cAMP from 
adenosine triphosphate (ATP). The Gαq subunit activates phospholipase C (PLC) to 
hydrolyze phosphatidylinositol 4,5-biphosphate (PIP2) to induce diacyl glycerol (DAG) 
and inositol trisphosphate (IP3) signaling pathways. DAG induces protein kinase C (PKC) 
activation and downstream MAPK signaling. The Gα12/13 subunit regulates actin 
cytoskeletal remodeling and cell migration through guanine nucleotide exchange factors 
(GEFs). Gβγ subunits can also mediate various signaling pathways, such as MAPK 
pathways (in the picture). 
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    Following GPCR activation, G-protein receptor kinases (GRKs) are 

phosphorylated the expose the C-terminal tail of the GPCR and recruit β-arrestin 1/2 to 

activate downstream signaling such as ERK phosphorylation, induce the endocytosis and 

desensitization, and downregulate the expression of GPCRs on the cell surface (Fig.4). 

The desensitized receptors can restore function and activity, and can be re-expressed in 

the outer membrane through a process called re-sensitization (Waldhoer et al., 2004). 

 

 
Figure 4. De-sensitization and Re-sensitization of GPCRs (Modified from Lefkowicz 
RJ, 1998). 
Agonist occupancy change the GPCR conformation, leads to the activation of Gα 
subunit-mediated and Gβγ subunit-mediate signaling pathways. The exposed c-terminal 
region of the GPCR may be phosphorylated by GRK, and β-arrestin recruited to further 
desensitize the receptor. β-arrestin initiates internalization of the GPCR for de-
phosphorylation and re-sensitization. Finally, the receptor maybe recycles to the cell 
membrane. 
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Opioid Receptor Signaling 

 

     Opioid receptors are members of the Gαi/o-coupled receptor subfamily. The 

activation of opioid receptors induces 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 the inhibition of adenylyl cyclase (Sharma et al., 

1977). Opioid receptors are generally sensitive to pertussis toxin (PTX). PTX binding 

results in ADP-ribosylation and G protein inactivation. The opioid receptors may also 

couple with Gαz, which is a PTX-insensitive protein. Overexpression of Gαz was been 

shown to mediate acute and chronic DAMGO-mediated ERK activation (Belcheva et al., 

2000). Relevant research suggests chronic opioid modulation is involved in the Rho 

family GTPase signaling pathway and cell cytoskeleton remodeling (Bian et al., 2006). 

These studies indicated multiple signaling pathways are regulated by opioid receptors. 

The Gβγ subunit of opioid receptors plays an important role in downstream 

signaling pathways (Bonacci et al., 2006). For example, the Gβγ subunit released from 

Gi-coupled receptors has been found to mediate cell migration (Kang et al., 2014). The 

Gβγ subunit signaling also mediates pathways resulting in activation of the mitogen-

activated protein kinase (MAPK) signaling pathway (Koch et al., 1994). The activation of 
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MAPKs may control many important cellular events including cell growth, survival, 

differentiation, apoptosis, cell mobility, and the immune response (Dong et al., 2002, 

Cargnello and Roux, 2011). GPCR-induced MAPK signaling pathways can be mediated 

by Protein Kinase C family members (Luttrell, 2002). However, the mechanism for 

opioid receptor-mediated MAPK signaling pathway activation is largely remain 

uncertain. 
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Mu-opioid Receptor 

 

     In 1973 two groups individually identified specific receptors for opioids in rat 

brain preparations based on specific binding analysis (Pert and Snyder, 1973, Simon et 

al., 1973). The receptors were designated μ opioid receptor for morphine-like 

compounds, for ketoclyclazocine-like drugs designated κ opioid receptor (KOR), 

subsequent research found the δ receptor (DOR) (Lord et al., 1977), and the opioid 

receptor-like (ORL1) for Nociceptin (NOP) in 1994 (Mollereau et al., 1994, Wang et al., 

1994). It is apparent now that there are several alternative splicing variants of MOR, and 

they have distinct distribution, location, and patterns of expression (Pan, 2002). One 

possible consequence of MOR activation is the activation of ERK1/2. MOR also induces 

a signaling pathway leading to the activation of several family members of protein kinase 

C (PKC), Jun N-terminal kinases (JNK), and several transcription factors including 

STAT3 and CREB (Wagner et al., 1998, Walters et al., 2005, Goldsmith et al., 2011, 

Kuhar et al., 2015).  
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Protein Kinase D 

 

     Protein kinase D (PKD) is a versatile protein kinase. PKDs are activated by 

hormones, growth factors, chemokines, bioactive lipids, vasoactive-peptides, 

neurotransmitters and other stimuli that activate phospholipase C (PLC) β and γ 

(Rozengurt et al., 2005, Wang, 2006) (Fig.5). Protein kinase D (PKD) can act as 

downstream of GPCRs and receptor tyrosine kinase (RTK), and is classified as a member 

of the calcium calmodulin-dependent kinase (CaMK) superfamily, the misregulation of 

CaMK has been report to be related to neuron degenerate disease, heart arrhythmia, and 

immune responses (Rozengurt, 2011). The PKD gene encodes three homologous proteins 

PKD1/PKCmu, PKD2, and PKD3 in mammalian cells (Fig.6). PKDs are ubiquitously 

expressed in most tissues, and are highly expressed in the thymus, lung, and peripheral 

blood mononuclear cells (PBMCs) (Rennecke et al., 1996). However the expression of 

the individual PKDs are distinct in these tissues. In resting cells, PKDs are primarily 

located in the cytosol, with a small fraction in the Golgi apparatus, mitochondria, and in 

secretory granules. Activated PKDs are transported to the plasma membrane, and 

eventually may return to the cytosol or the nucleus. 

All of the PKDs have two C1 domains (a/b) which bind DAG and phorbol esters, 
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one auto-inhibitory PH domain, and one carboxyl-terminal kinase domain (Rozengurt et 

al., 2005, Wang, 2006). After ligand binding to GPCR or RTK, activated PLC β and γ 

cleave PIP2 to generate DAG and IP3. DAG binding activates PKC, and recruits the C1 

domain of PKD (Baron and Malhotra, 2002). It has been reported that PKCε and η can 

phosphorylate the Ser744 and Ser748 residues in the kinase domain of PKD (Brandlin et 

al., 2002, Rey et al., 2004), and the phosphorylation induces a conformational change to 

maximize PKD kinase activity. According to previous studies, nPKCs such as PKCδ, ε, θ, 

and η are dominant PKD activators (Rozengurt et al., 2005), but cPKCs such as PKCα, 

βI, βII can also activate PKD (Li et al., 2004) (Fig.5, Fig.6). Following the 

phosphorylation of Ser744 and Ser748 of PKD, PKD auto-phosphorylate Ser916 on the 

C-terminal S/TXL/V motif, bind the PZD domain of the substrates, to induce the down-

stream signaling pathways (Matthews et al., 1999). (Fig.6) 
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Figure 5. Protein Kinase D Activation (Modified from Rozengurt E, 2011). 
Hormones, growth factors, neurotransmitters, chemokines, bioactive lipids, protease and 
oxidative stress induce PLC-mediated production of DAG, and DAG activate classic 
PKCs (cPKC), novel PKCs (nPKC), or directly induces PKD activation. The mechanism 
of PKC-mediated PKD activation remain incompletely understand. PKCmu/PKD1 is the 
most well-studied member in the PKD family, and the knockout of PKCmu/PKD1 is 
embryonic lethal. 
 

 
Figure 6. Structure of Protein Kinase D (Modified from Fu Y, 2011). 
All the mammalian PKD isoforms PKCmu/PKD1, PKD2, and PKD3 share similar 
structure but differential distribution in mammalian cells. They have highly conserved 
DAG/PMA binding (C1a, C1b), PH and kinase domains.  
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Protein Kinase D Pathways and Cellular Response 

 

PKDs regulate several cellular responses (Fig.7, Fig.8). For example, reactive 

oxygen species (ROS) induce PKD phosphorylation/activation to regulate cell survival. 

PKDs regulate IκB degradation to control NF-κB activity (Storz et al., 2005). PKD 

associate with the cytoplasmic surface of Golgi membranes to regulate protein and lipid 

transfer from the trans-Golgi network to the plasma membrane (Bard and Malhotra, 

2006). PKD control the mRNA transcript levels by regulating HDAC-IIa-associated 

transcription factors in various cell types, including immune cells (Dequiedt et al., 2005). 

PKD1 promotes the formation of a SSH1L-14-3-3 complex to induce Cofilin 

phosphorylation, and decrease cell mobility (Spratley et al., 2011). PKD also 

phosphorylate Ras and Rab interactor 1 (RIN1) to activate MAPK/ERK signaling 

pathway (Wang et al., 2002).  
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Figure 7. Major Signaling Pathways of Protein Kinase D-mediated Cellular 
Response (Modified from Fu Y, 2011). 
PKDs modulate oxidative stress responses to promote cell survival. (1.) Reactive oxygen 
species (ROS) trigger DAG synthesis, PKCδ activation, and PKD phosphorylation to 
remove the ROS. (2.) PKDs also associate with the cytoplasmic surface of Golgi 
membranes to regulate protein and lipid transfer from the trans-Golgi network to the 
plasma membrane. (3.) PKDs regulate the HDAC-IIa-associated transcription factors. (4.) 
PKD1 disrupts the association of phosphatase slingshot (SSH) 1L and F-actin to decrease 
the cell mobility. (5.) PKD activation induces the disassociation of Ras/RIN1 complex to 
activate MAPK/ERK signaling. 
 



25  

 
Figure 8. Diversity of Protein Kinase D-mediated Cellular Signaling (Modified from 
Rozengurt E, 2011). 
PKD is recruited and activated after surface receptor activation, to modulate several 
signaling pathways. PKD regulates cell proliferation through ERK activation, controls 
inflammation through NF-κB activation, modulates protein trafficking by the Kidins220-
PI4K IIIβ complex, modulates transcription through HDAC IIa, promotes cell survival 
through HSP27, and regulates cell motility by inducing SSH1L phosphorylation. 
 

 

 

 

 

 

 



26  

MAPK Pathway and Opioid Receptor 

 

    There are three major MAP kinases, the extracellular-signal-regulated kinases 

(ERK1/2), the Jun N-terminal kinases (JNK1-3), and the p38 stress kinases (α, β, γ, δ). 

The MAPKs respond to various stimuli and transmit a complex network of intra- and 

extra-cellular signals. MAPKs were initially reported to be regulated by receptor tyrosine 

kinases, but further research has indicated that GPCRs also regulate MAPK signaling 

pathways. 

ERK1 and ERK2 were cloned and characterized in early 1990s (Boulton et al., 

1990, Boulton et al., 1991), and are expressed to various extents in all tissues. MAPKs 

are phosphorylated on Tyr and Thr residues as a part of a number of signaling pathways, 

including GPCR-induced pathways (Boulton et al., 1990, Raman et al., 2007), inactive 

ERK1/2 is located in the cytosol, but ERK1/2 translocate and accumulates in the nucleus 

following activation by extracellular stimulation. 

All of the opioid receptor subtypes have been shown to stimulate the activation of 

MAPK/ERK signaling pathway (Fukuda et al., 1996) and the activation of MAPK/ERK 

signaling pathway is regulated by the Gβγ subunit, in a Ras-dependent manner (Koch et 

al., 1994, Fukuda et al., 1996, Li and Chang, 1996, Belcheva et al., 2000). Opioid-
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induced ERK1/2 activation was first described in MOR-transfected CHO cells (Li and 

Chang, 1996). An inhibitor of the upstream mitogen-activated protein kinase kinase 

(MAPKK, MEK1/2) can usually completely block MOR-induced ERK1/2 

phosphorylation (Tso and Wong, 2000), but chronic morphine treatment in astrocytes 

negatively regulates ERK 1/2 phosphorylation to inhibit neurite growth and synapse 

formation (Ikeda et al., 2010). Many studies use MAPK/ERK (MEK) inhibitors to 

determine substrates of ERK1/2 signaling, but the mechanism of morphine treatment and 

ERK1/2 activation are still largely remain uncertain. 

DOR also activates an ERK1/2 signaling cascade though the Gβγ subunit and a 

Ras signaling pathway. However, the DOR-induced activation of ERK1/2 signaling 

pathway requires integrin signaling transduction through transactivation of epidermal 

growth factor receptor (EGFR) signaling pathways and activation of PLC, which suggests 

a novel mechanism for DOR to regulate pain and mood (Eisinger and Ammer, 2008). In 

contrast, KOR induced ERK1/2 activation has both an early arrestin-independent 

response (5-15 minutes treatment), and a later arrestin-dependent response (2 hours later) 

(McLennan et al., 2008). The biochemical basis for KOR-induced ERK activation is also 

not fully understood. 

Opioid receptors can also stimulate both JNK and p38 MAPK in a number of cell 
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types (Zhang et al., 1999, Chan and Wong, 2000). Classical JNK activation leads to the 

induction of c-Jun overexpression, followed by a number of down-stream signaling 

events. MOR-induced JNK phosphorylation require PKC activity (Melief et al., 2010). In 

contrast, DOR-induced protein kinase B (Akt)-dependent JNK phosphorylation is 

regulated by PI3K (Shahabi et al., 2006), and this mechanism appears to be distinct from 

other opioid receptors. For example, in leukocytes, KOR induces PI3K-independent JNK 

activation (Kam et al., 2004b) requires focal adhesion kinases (FAKs) and Ras-related C3 

Botulinum toxin substrate (Rac) (Kam et al., 2004a).  

The opioid receptors also induce p38 MAPK activation (Tibbles and Woodgett, 

1999), but the consequences of p38 phosphorylation induced by opioid receptors are 

distinct for each of these receptors. For example, DAMGO -induced p38 activation leads 

to receptor internalization, but morphine-induced p38 activation does not (Tan et al., 

2009). In addition, MOR-induced p38 activation requires Ras-associated protein Rab-5 

(RAB5) signaling. But, KOR-induced p38 phosphorylation requires G-protein coupled 

receptor kinase-3 (GRK3) activation (Mace et al., 2005, Bruchas et al., 2007). The 

detailed mechanisms of ERK, JNK, and p38 signaling pathways induced by opioid 

receptors are not fully understood and require further investigation (Chuang et al., 1997). 

The opioid receptor-mediated MAPK signaling pathways are summarized in Figure 9. 
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Figure 9. Opioid Receptor-mediated MAPK Pathways. (Modified from Happel.C) 
Ligand binding induces opioid receptor activation. The Gαi subunit inhibits PKA 
activation and regulates PKA-induced downstream signaling, including CREB activation. 
The Gβγ subunit can activate several downstream signaling pathways. PLC activation 
cleaves PIP2 to DAG and IP3, induces PKC activation, and calcium release from 
mitochondria. The Gβγ subunit can also activate PI3K activation, which induces the 
PI3K/Akt signaling pathway and leads to NF-kB activation. PI3K activation also 
regulates the activation of JNK and p38 MAPK. PI3K and PKC also regulate the ERK 
activation. The activation of ERK, JNK, and p38 MAPK induces activation of various 
transcription factor including STAT1/3, AP-1, and ELK-1, to induce transcription in 
various cell types.  
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AP-1 

 

     Morphine treatment induces several transcription factors activation. In the 

immune cells, one of the most significant activated transcription factor by morphine 

treatment is Activating Protein-1 (AP-1) (Happel C, unpublished). AP-1 transcription 

factors consist of homodimers and heterodimers of the basic region-leucine zipper (bZIP) 

proteins that belong to the Jun (c-jun, V-jun, junB, junD), Fos (c-fos, v-fos, fosB, Fra1, 

Fra2) and the related activating transcription factor (ATF2, ATF3/LRF1, B-ATF) 

subfamilies. The Fos and Jun family of proteins function as dimeric transcription factors, 

and bind as homo/heterodimers to AP-1 regulatory elements of many genes (Curran and 

Franza, 1988, Chinenov and Kerppola, 2001). The typical AP-1 factor is a heterodimer of 

c-jun and c-fos and this complex binds consensus AP-1 recognition sequences in the 

promoter regions of target genes (Lee et al., 1987, Radler-Pohl et al., 1993). The possible 

combinations of dimers are capable to interact with AP-1 sites has increased the 

complexity of the mechanisms that regulate the formation of specific homo and 

heterodimers among AP-1 family members. The regulation of their transcriptional and 

DNA binding activities, as well as the role played by each specific AP-1 form in cell 

signaling, is quite diverse (Karin et al., 1997). AP-1 is one of the major components of 
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MAPK signaling pathways, participates in the regulation of numerous downstream 

signaling and cellular responses, including cell proliferation, differentiation, survival and 

oncogenesis (Chinenov and Kerppola, 2001). Finally, AP-1 is also involved the 

expression of miRNAs, such as miR-21 (Fujita et al., 2008), miR-155 (Yin et al., 2008), 

miR-146b (Shao et al., 2011), and miR-17-5p (Wang et al., 2013). According to previous 

result from our lab we can bring out the hypothesis that morphine-induced AP-1 

activation will alter the miRNA expression in human immune cells. 
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MicroRNAS (miRNAs) 

MiRNA Structure and Nomenclature 

 

     MicroRNAs (miRNAs) are small non-coding RNAs that function as guide 

molecules in RNA silencing. miRNA genes constitute one of the most abundant gene 

families, and are widely expressed in animals, plants, protists (unicellular eukaryote), and 

viruses (Griffiths-Jones et al., 2008). Over 2500 miRNAs in more than 500 loci in the 

human genome have been identified so far. Approximately 60% of protein-coding genes 

are regulated by miRNAs, and the biological function of many miRNAs still remain 

unknown (Friedman et al., 2009). The classification rules of miRNA have not been 

unified, and it’s usually considered that miRNAs with identical sequences at nucleotide 2-

8 (termed the “seed sequence” or “seed region”) of the mature miRNA belong to an 

“miRNA family”, and the family members are called “miRNA sisters” (Bartel, 2009). 

Generally miRNA sisters are believed to act redundantly on target mRNAs. There are 

also many miRNAs which share a common evolutionary origin and diverge in the seed 

region, and have completely different functions and targets (Kim et al., 2013). The 

nomenclature of miRNAs is also quite diverse, the genes are found in early studies were 

named by the phenotypes (e.g., let-7), but most of the miRNAs that were found by 
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cloning or sequencing received numerical names (miR-21). Genes encoding miRNA 

sisters are designated with lettered suffixed such as miR-146a and miR-146b. If these 

sister miRNAs are transcripts from separate loci, then a numeric suffix is added at the 

end, such as miR-125b-1 and miR-125b-2. Each locus produces two mature miRNAs, 

one is from 5’ strand and another is from 3’ strand, the good examples are miR-30a-5p 

and miR-30a-3p. These two mature miRNAs from the same locus do not typically 

express the same level of mature miRNAs in most cases. The arm that produce more 

mature miRNA (96-99%) is called the guide strand, and the other arm is called the 

passenger strand. The mature miRNAs are generated from passenger strand will be 

labeled with additional asterisk at the end (miR-30a-3p is also called miR-30a*). 
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MiRNA Expression and Function 

 

Most miRNAs are transcribed as primary miRNAs (pri-miRNA), and after initial 

processing by Drosha/DGCR8 complex, a 70 nucleotide precursor miRNA (pre-miRNA) 

is exported by Exportin 5 to the cytoplasm for further processing. Dicer then cleaves the 

pre-miRNA and generates the mature miRNA. The mature miRNA is loaded into the 

RNA-induced silencing complex (RISC) and guide the RISC complex to bind the 3’ 

untranslated region (UTRs) of target mRNA, reduce the protein expression either as a 

results of mRNA cleavage, inhibit protein translation, or mRNA deadenylation (Garzon et 

al., 2006, O'Connell et al., 2012) (Fig.10). There are 500-1000 miRNAs expressed in 

human cells, and the expression pattern varies greatly depending on the particular cell 

types. The miRNA impacts the level of target gene expression from 1.2 to 4-fold change, 

which suggests that the miRNAs do not function as on-off switches but rather to fine-tune 

the protein expression levels (O'Connell et al., 2012). miRNAs are involved in many 

cellular processes in the cell due to targeting more than 60% protein coding transcripts, 

and regulate cell proliferation (Cheng et al., 2005), apoptosis (Xu et al., 2004), 

development (Karp and Ambros, 2005), differentiation (Karp and Ambros, 2005), 

metabolism (Poy et al., 2004), and inflammatory responses (O'Connell et al., 2012). 
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Figure 10. miRNA Processing (Modified from Winter J, 2009). 
miRNA processing pathway has long been viewed as linear and universal. This diagram 
is a typical miRNA processing sequence. RNA Pol II/II transcribe the pri-microRNA (pri-
miRNA). Pri-miRNA is then cleaved by the Drosha-DGCR8 complex and forms a 70-bp 
length pre-miRNA. After expotin-5 mediate exportation, the pre-miRNAs are further 
processed by the Dicer/TRBP complex which generates the mature miRNA product. In 
most cases, only one strand of mature miRNA will bind to the ago2 protein, form the 
RNA-induced silencing complex (RISC), and another strand will be degraded. The RISC 
complex will targets the specific mRNA sequence to induce the target mRNA degradation 
or inhibit the protein translation machinery. 
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MiR-21 

 

     Micro-RNA-21 (miR-21) is one of the most abundantly expressed miRNA in 

mammalian tissues (Lagos-Quintana et al., 2001, Lagos-Quintana et al., 2002, Landgraf 

et al., 2007), including macrophages, monocytes, dendritic cells, B-cells, and T-cells. The 

expression of miR-21 increases significantly during hematopoiesis, including mast cells 

(Monticelli et al., 2005), neutrophils (Lu et al., 2005), and various lineages of T-cells 

(Cobb et al., 2006, Wu et al., 2007). The expression level of miR-21 is also increased 

during both monocyte maturation (Cekaite et al., 2010), neutrophil differentiation (Lu et 

al., 2005), and dendritic cell (DC) differentiation (Hashimi et al., 2009, Cekaite et al., 

2010).  

The expression of miR-21 is regulated by several signaling pathways and 

transcription factors including AP-1 (Fujita et al., 2008, Talotta et al., 2009), NF-κB 

(Zhou et al., 2010), and STAT3 (Loffler et al., 2007). miR-21 expression levels are 

upregulated in many inflammatory diseases such as airway inflammation (Moschos et al., 

2007), psoriasis and atopic eczema (Sonkoly et al., 2007), osteoarthritis (Zhang et al., 

2014), human atherosclerotic tissue (Han et al., 2015). miR-21 is found in exosomes 

(Tian et al., 2014) and has been found to play a role in cell-to-cell communication leading 
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to the modulation of immune responses. miR-21 is induced by several pro-inflammatory 

stimuli including LPS, PMA, IL-6, and TNFα to alter the immune response (Sheedy, 

2015). For example, miR-21 targets programmed cell death 4 (PDCD4) (Asangani et al., 

2008), and regulates the anti-inflammatory cytokine expression (Yasuda et al., 2010, van 

den Bosch et al., 2014). miR-21 can also target phosphatase and tensin homolog (PTEN) 

and alter macrophage differentiation (Yue et al., 2014). Finally, miR-21 promotes NF-κB 

activation in breast cancer, and both TNF and IFNγ production in activated T-cells 

(Iliopoulos et al., 2010, Ando et al., 2013). 
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MiR-155 and miR-146 

 

       miR-155 and miR-146 are important regulators of the immune system. miR-155 

is induced by inflammatory mediators such as TNF-α, LPS, TLR3 ligand poly(I:C), IFN-

β, and regulates several transcriptional factors such as NF-κB and AP-1 (O'Connell et al., 

2007). miR-155 directly targets PU.1 and C/EBPβ mRNA and down-regulates the PU.1 

protein expression. PU.1 is an important regulator of monocyte/macrophage 

differentiation (Rosa et al., 2007, Lu et al., 2014a). miR-155 also regulates T- and B- cell 

differentiation (Turner and Vigorito, 2008), and suppresses Src homology-2 domain-

containing-inositol 5-phosphatase 1 (SHIP1) expression which plays a role in the 

regulation of T-cell morphology and motility (Harris et al., 2011). Finally miR-155 also 

suppresses the expression of negative regulator of inflammation, suppressor of cytokine 

signaling 1 (SOCS1), which results in an enhanced innate immune response (Wang et al., 

2010) 

miR-146 expression is induced by NF-κB s, and is rapidly induced upon 

activation of human monocytes (Taganov et al., 2006). miR-146a is induced by 

stimulation of LPS in a NF-κB-dependent mechanism, to negative regulate TNF receptor-

associated factor 6 (TRAF6), and IL-1 receptor-associated kinase 1 (IRAK1) mRNAs, 
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Two key adaptor proteins of TLR4 signaling pathway. miR-146 also contributes to the 

establishment of endotoxin tolerance in monocytes and TNFα expression (Nahid et al., 

2009). miR-146 also negatively regulates the expression of pro-inflammatory cytokines 

IL-8 and RANTES (Perry et al., 2008), as well as CXCR4 expression (Labbaye et al., 

2008). Previous studies showed the expression of miR-146 is related to immune cell 

proliferation (Monticelli et al., 2005), Treg cell function (Lu et al., 2010), and regulates 

cell death and IL-2 expression in T cells (Curtale et al., 2010). Finally, miR-146 associate 

with certain chronic inflammation diseases, including both rheumatoid arthritis and 

chronic obstructive pulmonary disease (COPD) (Nakasa et al., 2008, Sato et al., 2010). 
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Mir-29 Family 
 

    The gene for miR-29b-1 and miR-29a are located on Chr. 7q32.3, and miR-29b-2 

and miR-29c is on Chr. 1q32.2 in humans (Kriegel et al., 2012). miR-29 family members 

are reported to be upregulated during monocyte-macrophage differentiation (Wang et al., 

2015a), and interfere HIV-1 replication in human PBMCs (Ahluwalia et al., 2008). miR-

29a also regulates pro-inflammatory cytokine secretion in dendritic cells (Chen et al., 

2011), and suppresses IFN-α receptor and IFN-γ expression (Ma et al., 2011, 

Papadopoulou et al., 2012). miR-29 can target several immune and inflammatory 

mediators in human monocyte-differentiated dendritic cells including IL-12p40 and IL-

23, and also modulates IL-17 production in T-cells (Brain et al., 2013). miR-29a-5p 

expression upregulates after morphine treatment in neuroblastoma cell lines (Sistani et al. 

2015), which suggests that miR-29 expression may be important in opioid-mediated 

immune responses. 
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Mir-17-92 Cluster 

 

    The miR-17-92 cluster is located in the locus of the non-protein-coding gene 

MIR17HG (C13of25) (Chr 13q31.3), and spans 800 nucleotides. This cluster contains 6 

miRNAs, called miR-17, miR-18a, miR-19a, miR-20a, miR-19b-1 and miR-92a-1, and 

another two paralogue clusters (similar clusters on other chromosome) miR-106a-363 

(miR-106a, miR-18b, miR-20b, miR-19b-2, miR-92a-2 and miR-363) (Chr Xq26.2) and 

miR-106b-25 (miR-106b, miR93, miR-25) (Chr 7q22/1) in the human genome The major 

targets of miR-17-92 arePTEN and E2 promoter binding factors (E2Fs) (Sylvestre et al., 

2007, Zhu et al., 2014). miR-17-92 is involved to the development and differentiation of 

T- and B-cells (Mogilyansky and Rigoutsos, 2013), and is also related to PU.1-related 

monocyte to macrophage differentiation (Pospisil et al., 2011).  
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OPIOID AND miRNA EXPRESSION 
 

   According to previous research, opiates has been shown to regulate several miRNAs 

expression, such as miR-let-7, miR-133b, and miR-128, miR-23b and miR-190 in neuron 

cells to regulate the translation, development, and opioid tolerance (He et al., 2010, 

Zheng et al., 2012, Gonzalez-Nunez et al., 2014). Morphine has been reported to suppress 

the anti-HIV miRNAs (miR-28, miR-125b, miR-150, and miR-382) expression in 

monocyte (Wang et al., 2011). Morphine also induces the expression of miR-133b to 

control the development of addiction to morphine (Rodriguez, 2012). Chronic morphine 

treatment induces miR-124 expression and suppress immune response (Qiu et al., 2015). 

Morphine also downregulates endotoxin/LPS induced miR-146a and miR-155 in mice 

macrophage (Banerjee et al., 2013). Morphine can also regulates the expression of 

alternative μ-opioid receptor splicing form via miR-103 and miR-107 expression (Lu et 

al., 2014b). But the morphine-induced miRNA expression and function in human 

monocyte are still remain unknown. Therefore, we proposed that morphine and opioid 

receptor activation can alter miRNA expression in human monocyte and regulate the 

immune response. 
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SIGNIFICANCE 

 

    The opioid receptor-induced signaling pathways are complex in the immune 

system, and involve many regulatory mechanisms. In these studies we focused on the μ-

opioid receptor pathways which results in the activation of ERK. It is well established 

that MAPK signaling pathways play a critical role in inflammation, innate and adaptive 

immunity responses. ERK phosphorylation is the key step in the function of the MAPK 

signaling pathways, and it is also the key control point of the downstream signaling. An 

understanding of the mechanism of ERK phosphorylation following opioid receptor 

activation should help to clarify the opioid-induced signaling networks. In addition, we 

report the data here which show the relationship between opioid receptor activation and 

miRNA expression. Finally, these studies provide a better understanding of the nature of 

opioid-mediated modulation of monocyte function. 
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SPECIFIC AIMS 

 

     Opioid receptors modulate the immune system through a number of signaling 

pathways, many MOR-mediated signaling pathways are regulated by ERK 

phosphorylation (Gutstein et al., 1997), which included the regulation of 

monocyte/macrophage, and cytokine/chemokine/chemokine receptor expression (Roy 

and Loh, 1996). However, reports indicated that opiate treatment alter the expression of 

immune response-related miRNAs (Dave and Khalili, 2010). Based on previous research, 

we hypothesize that opioid-induced μ-opioid receptor activation utilizes the ERK 

pathway to regulate inflammatory gene expression. As a part of our studies, we intend to 

investigate the possibility that MOR activation regulates pro- and/or anti-inflammatory 

miRNA expression. In this thesis, we focused on the capacity of the μ-opioid receptor to 

induced MAPK activation. We also attempted to examine the consequences of MAPK 

activation at the level of miRNA expression. 

Finally, we established the following aims: 

1. To determine the biochemical basis for ERK activation. 

2. To determine the role of ERK in the opioid-induction of miRNA expression. 
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CHAPTER 2 

MATERIALS AND METHODS 

Chemicals 

   50x tris acetic acid EDTA (TAE) buffer (242g tris base, 57mL glacial acetic acid, 

and 50mL 0.5 M EDTA pH8.0 in 1L final volume), 10x TBST buffer (1M tris-HCl pH7.5 

200mL, NaCl 81.9g, Tween-20 5mL in 1L final volume), Lysogeny Broth (LB) medium 

(10 g/L tryptone, 5 g/L yeast extract, and 10g/L NaCl pH7.0), Ficoll-Paque Plus blood 

separation reagent (GE healthcare, Cat # 17-1440-03, Piscataway, NJ, USA), Hanks 

Balanced Salt Solution (HBSS) without calcium, magnesium, and phenol red (Mediatech 

Inc., Cat # 21-022-CV, Manassas, VA, USA), Trypsin-EDTA (0.25%), phenol red 

(Mediatech Inc., Cat # 25-053-CI, Manassas, VA, USA), 1x phosphate buffered saline 

(PBS) without Ca2+/Mg2+ (Mediatech Inc., Cat # 21-031-CV, Manassas, VA, USA), 

Roswell Park Memorial Institute (RPMI) 1640 Medium (Mediatech Inc., Cat # 10-040-

CV, Manassas, VA, USA), Dulbecco’s Modification of Eagle’s Medium (DMEM) 

(Mediatech Inc., Cat # 10-013-CV, Manassas, VA, USA), Iscove’s Modification of 

DMEM (Mediatech Inc., Cat # 15-016-CV, Manassas, VA, USA), 100x Penicillin-

Streptomycin solution (Mediatech Inc., Cat # 30-002-CI, Manassas, VA, USA) 100x 

minimum essential medium (MEM) non-essential amino acids (Life technologies, Cat # 
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11140-50, Carlsbad, CA, USA), 1M sodium pyruvate (Life technologies, Cat # 11360-

070, Carlsbad, CA, USA), Gentamycin (Life technologies, Cat # 15750-060, Carlsbad, 

CA, USA), Ampicillin sodium salt (Sigma-Aldrich, Cat # A9518, St. Louis, MO, USA), 

Zeocin (Life technologies, Cat # R250-01, Carlsbad, CA, USA), trypan blue cell viability 

dye (Life technologies, Cat # 15250-061, Carlsbad, CA, USA), UltraPure® agarose (Life 

technologies, Cat # 16500-100, Carlsbad, CA, USA), ethidium bromide (Promega Corp., 

Cat # H5041, Madison, WI, USA), 6x DNA loading dye (Thermo Fisher Scientific, Cat # 

R0611, Rockford, IL, USA), GeneRuler® 1kb plus DNA ladder (Thermo Fisher 

Scientific, Cat # SM0331, Rockford, IL, USA), RNase-Free DNase set (QIAGEN 

sciences, Cat # 79254, MD, USA), 10x RIPA buffer (Cell signaling, Cat # 9803, Danvers, 

MA, USA), Halt Protease and phosphatase inhibitor cocktail (Life technologies, Cat # 

78440, Carlsbad, CA, USA), RNase-free molecular biology-grade ethanol (Decon labs, 

Inc., Cat # 3916EA, King of Prussia, PA, USA), Molecular biology-grade chloroform 

(Sigma-Aldrich, Cat # C2432, St. Louis, MO, USA), Nuclease-free water (Life 

technologies, Cat # AM9938, Carlsbad, CA, USA), QIAzol lysis reagent (QIAGEN 

sciences, Cat # 44503618, MD, USA), PageRuler® prostained protein ladder (Thermo 

Fisher Scientific, Cat # 26616, Rockford, IL, USA), Pierce BCA protein assay kit 

(Thermo Fisher Scientific, Cat # 23225, Rockford, IL, USA), Albumin from bovine 



47  

serum (Sigma-Aldrich, Cat # A7030, St. Louis, MO, USA), ATX Ponceau S solution 

(Sigma-Aldrich, Cat # 09189, St. Louis, MO, USA), Pierce ECL Western Blotting 

substrate (Thermo Fisher Scientific, Cat # 32106, Rockford, IL, USA), dimethyl 

sulfoxide (DMSO) (Sigma-Aldrich, Cat # D8408, St. Louis, MO, USA). 

Drugs 

The mu-opioid selective agonist (D-Ala2, N-Me-Phe4, glycinol5) Enkephalin 

(DAMGO) (Tocris Bioscience, Cat # 1171, Ellisville, MO, USA) is suspended in serum-

free RPMI1640 medium, filtered by 0.22um filters, aliquote as 2 mM stock, and store in -

80℃ freezer. Reconstituted DAMGO is stored for no more than 2 weeks. Morphine 

(From Dr. Martin W. Adler, Center of Substance Abuse Research, Temple University) is 

suspended in serum-free RPMI1640 medium (Gibco), aliquote as 1 mM stock, and store 

in -80℃ freezer. Phorbol myristate acetate (PMA) (Sigma-Aldrich, Cat # 79346, St. 

Louis, MO, USA)) is suspended in DMSO, aliquote as 1.6 mM stock, and store in -80℃ 

freezer. H-89 (InvivoGen, Cat # tlrl-h89, San Diego, CA, USA) is suspended in DMSO, 

aliquote as 50 mM stock, and store in -20℃ freezer. LY294002 (Sigma-Aldrich, Cat # 

L9908, St. Louis, MO, USA) is suspended in DMSO, aliquote as 25 mM stock, and store 

in -20℃ freezer. Wortmannin (Sigma-Aldrich, Cat #W1628, St. Louis, MO, USA) is 

suspended in DMSO, aliquote as 10 mM stock, and store in -20℃ freezer. U0126 
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(InvivoGen, Cat # tlrl-u0126, San Diego, CA, USA) is suspended in DMSO, aliquote as 

25 mM stock, and store in -20℃ freezer. PD98059 (Invivogen, Cat # tlrl-pd98, San 

Diego, CA, USA) is suspended in DMSO, aliquote as 50 mM stock, and store in -20℃ 

freezer. CID 755673 (Tocris Bioscience, Cat # 3327, Ellisville, MO, USA) is suspended 

in DMSO, aliquote as 50 mM stock, and store in -20℃ freezer. U73122 (Sigma-Aldrich, 

Cat # U6756, St. Louis, MO, USA) is suspended in DMSO, aliquote as 50 mM stock, and 

store in -20℃ freezer. Bay 43-9006 (Cayman, Cat # 10009644, Ann Arbor, MI, USA) is 

suspended in DMSO, aliquote as 10 mM stock, and store in -20℃ freezer. Farnesyl 

thiosalicytic acid (FTS) (Cayman, Cat # 10010501, Ann Arbor, MI, USA) is suspended in 

DMSO, aliquote as 25 mM stock, and store in -20℃ freezer. Go 6983 (Sigma-Aldrich, 

Cat # G1918, St. Louis, MO, USA) is suspended in DMSO, aliquote as 1 mM stock, and 

store in -20℃ freezer. PKC 412 (Tocris Bioscience, Cat # 2992, Ellisville, MO, USA) is 

suspended in DMSO, aliquote as 2 mM stock, and store in -20℃ freezer.  

Antibodies 

    All the antibodies use for techniques including western blot, flow cytometry, and 

immunofluorescence staining included the total and phospho-antibodies from Cell 

Signaling Technology and Santa Cruz Biotechnology Inc.,  
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Table 2: Antibodies Utilized for Western blot, Flow Cytometry, and 

Immunofluorescent Staining 

Antibody Company Catalog# Source Application Ratio 

Anti-ERK Santa Cruz Sc-94 Rabbit Western blot 1:1000 

Anti-phospho-ERK 

(Tyr204) 

Santa Cruz Sc-7383 Mouse Western blot 1:500 

Anti-phospho-ERK 

(Tyr204) 

Cell Signaling 5726 Mouse Immunofluorescence 

staining 

1:500 

Anti-PKCmu/PKD Cell Signaling 2052 Rabbit Western blot 1:500 

Anti-PKD2 Cell Signaling 8188 Rabbit Western blot 1:500 

Anti-phospho-

PKCmu/PKD (Ser 

916) 

Cell Signaling 2051 Rabbit Western blot/ 

Immuno-fluorescence 

staining 

1:500 

Anti-phospho-

PKCmu/PKD (Ser 

744/748) 

Cell Signaling 2054 Rabbit Western blot 1:500 

Anti-cofilin Cell Signaling 3318 Rabbit Western blot 1:1000 

 



50  

Table 2, continued 

Anti-phospho-cofilin 

(Ser3) 

Cell Signaling 3313 Rabbit Western blot 1:1000 

Anti-c-Jun Cell Signaling 9165 Rabbit Western blot 1:500 

Anti-phospho-c-Jun 

(Ser63) 

Cell Signaling 2361 Rabbit Western blot 1:500 

Anti-HA-tag (Alexa® 

647 conjugated) 

Cell Signaling 3444 Mouse FACS 1:100 

Anti-rabbit-IgG-HRP Santa Cruz sc-2030 Goat Western blot 1:10000 

Anti-mouse-IgG-HRP Santa Cruz sc-2031 Goat Western blot 1:10000 

 

Isolation of Human Peripheral Blood Mononuclear Cells and Primary Monocytes 

Human peripheral blood mononuclear cells and primary monocytes are obtained 

from whole blood of healthy donors under aseptic conditions. Whole blood is collected 

from healthy donors by a trained phlebotomist after completing informed consent 

documents required and approved by Temple University School of Medicine. A total 

volume of 200mL of blood is separately collected into sterile 8.5 mL BD Vacutainer® 

tubes, each containing 1.5 mL of anticoagulant acid sodium citrate (ACD) (Becton, 
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Dickinson and Company (BD), Franklin Lakes, NJ, USA) for a total 10mL of the blood 

and ACD mixture. PBMCs are isolated by gradient centrifugation. Every 30mL whole 

blood is layered over 14 mL of Ficoll-Paque Plus (GE healthcare Bio-Sciences AB, 

Björkgatan, Uppsala, Sweden) in a 50mL conical tube and centrifuged at 1300 rpm for 30 

minutes at room temperature with no brake. Following centrifugation the upper plasma 

layer is removed as carefully as possible to prevent contamination of granulocytes or 

platelets and place in a separate 50 mL conical tubes. PBMCs are then centrifuged at 

1300 rpm in 4℃ for 15 minutes and re-suspended in 10 ml HBSS (Corning, Manassas, 

VA, USA) buffer to determine the numbers of monocyte extracted so the cells may then 

re-suspend into serum-free DMEM media to give a final concentration of 7 million 

PBMCS per ml. Total PBMCs are seeded in 500 uL in each well of a 24-well plate for 2 

hours to allow for the adhesion of human primary monocytes. The attached human 

primary monocytes are washed with serum-free RPMI 3 times, replace with RPMI 

medium with 10% FBS and 10 µg/mL gentamicin (R10 medium) or serum-free RPMI 

culture media. PBMC cultures are maintained in R10 or serum-free RPMI and cell 

cultures was maintained at 37℃, 5% CO2.  

Cell Culture 

Primary human monocytes, are cultured in complete R10 medium which consists of 
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RPMI 1640 medium (Life technologies, Carlsbad, CA, USA) supplemented with 10% 

heat-inactivated (55℃, 30 minutes) endotoxin-free FBS (Thermo Fisher Scientific, 

Rockford, IL, USA). 

The human monocytic cell line U937, human bronchioalveolar carcinoma H322M, 

and the human lung carcinoma cell line H69 are cultured in RPMI completed medium 

which consists of RPMI 1640 medium (Life technologies, Carlsbad, CA, USA) 

supplemented with 10% heat-inactivated (55℃, 30 minutes) endotoxin-free FBS 

(Thermo Fisher Scientific, Rockford, IL, USA), 5mL 200mM L-glutamate (Life 

technologies, Carlsbad, CA, USA) and 5mL 100X Penicillin-Streptomycin solution (Life 

technologies, Carlsbad, CA, USA). 

The human epithelial-like kidney cell line, HEK-293, is cultured in D10 complete 

medium. D10 medium contain DMEM media (Life technologies, Carlsbad, CA, USA) 

supplemented with 10% heat-inactivated (55℃, 30 minutes) endotoxin-free FBS 

(Thermo Fisher Scientific, Rockford, IL, USA), 5 mL 200mM L-glutamate (Life 

technologies, Carlsbad, CA, USA) and 5mL 100X Penicillin-Streptomycin solution (Life 

technologies, Carlsbad, CA, USA).  

The human monocytic cell line Mono Mac 1 is cultured in Mono Mac 1-specific 

complete medium. The medium contain RPMI 1640 media (Life technologies, Carlsbad, 
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CA, USA) supplemented with 10% heat-inactivated (55℃, 30 minutes) endotoxin-free 

FBS (Thermo Fisher Scientific, Rockford, IL, USA), 2.5 mL 200mM L-glutamate (Life 

technologies, Carlsbad, CA, USA) and 2.5 mL 100X Penicillin-Streptomycin solution 

(Life technologies, Carlsbad, CA, USA), 1.25 mL sodium pyruvate acid (Life 

technologies, Carlsbad, CA, USA), and 1.25 mL 1x Non-essential amino acids (Life 

technologies, Carlsbad, CA, USA). 

 The human acute myeloid leukemia cell line HL-60 is cultured in IMDM complete 

medium (Life technologies, Carlsbad, CA, USA). IMDM completed medium contain 

80% IMDM (Iscove’s modified of DMEM) media (Life technologies, Carlsbad, CA, 

USA) supplemented with 20% heat-inactivated (55℃, 30 minutes) endotoxin-free FBS 

(Thermo Fisher Scientific, Rockford, IL, USA) with no antibiotics. 

The human colorectal adenocarcinoma cell line CaCO2 is cultured in EMEM 

complete medium. The EMEM complete medium contain Eagle’s minimum essential 

medium (Life technologies, Carlsbad, CA, USA) supplemented with 20% heat-

inactivated (55℃, 30 minutes) endotoxin-free FBS (Thermo Fisher Scientific, Rockford, 

IL, USA). 

Plasmid DNA Purification 

   JM109 (Genotype: endA1, recA1, gyrA96, thi, hsdR17 (rk –, mk +), relA1, supE44, 
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Δ(lac-proAB), [F´, traD36, proAB, laqIq ZΔM15]) subcloning efficiency E.coli is 

purchased from Promega (Promega, Cat # L1001, Madison, WI, USA) Individual 

colonies of bacteria is selected and cultured into 5 mL LB medium (10 g/L tryptone, 5 g/L 

yeast extract, and 10g/L NaCl pH7.0) containing 100 µg/mL Ampicillin. Cultures was 

incubated on a rotated shaker (250rpm) in 37℃ for overnight. Plasmid DNA is extracted 

by using QIAprep spin miniprep kit (QIAGEN sciences, Cat # 27106, MD, USA) 

according to the protocol provided by manufacturer. Eluted DNA was stored at -20℃ 

freezer. 

Agarose Gel Electrophoresis 

    The size and pattern of plasmid fragments is determined by agarose gel 

electrophoresis. The agarose gels contain 1% agarose with 1x TAE (40 mM Tris-acetate, 

1mM EDTA pH8.0) and boiled by microwave. After boiling, the mixture is cooled down 

in room temperature, and 500 ng/ml ethidium bromide is added when the temperature of 

the mixture was about 55℃. Plasmid samples is mixed with 5x DNA loading dye 

(Thermo) and load into the gel. Electrophoresis is carried out at 90-110 volts for 45-60 

minutes, observe and record the results by the UVP PhotoDoc-It Imagine System. The 

1kb DNA ladders (Thermo) is used to determine the molecular weight of digested 

plasmids. 
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Transfection 

   U937 and HL-60 cells ares transfected with the vector constructs for 3xHA tagged 

Mu-opioid receptor using Nucleofactor® Kits (Lonza). Briefly, the day before 

electroporation/transfection, Cells are seeded at 1x106 cells each well per 6-well plate. In 

the next day, the cells are centrifuged, the supernatant is removed, and re-suspend in 100 

µl room-temperature Nucleofactor® solution per sample. For the transfection, the cell 

suspension is mixed with 2 µg of our vector construct of interest, pmaxGPF control 

vector, or other substrates. The mixture is transfered into certified cuvettes for 

transfection. The cuvettes are inserted into Nucleofactor® cuvette holder and run 

appropriate program, incubate the sample for 10 minutes in room temperature after 

transfection. 500 µL antibiotic-free complete medium is added and the supplement is 

transferred into a 24-well plate (preloaded with 1ml antibiotic-free completed medium) 

for cell culture. 

Flow Cytometry 

    3xHA tagged Mu-opioid receptor on HL-60 cells is verified using FACS analysis. 

Detection of the 3xHA tag is done using the HA-tag (6E2) mouse mAb (Alexa®647 

conjugate) (Cell signaling). 1x106 cells is harvested, centrifuged at 1700 rpm for 7 

minutes at 4℃, the medium is removed and wash by the ice cold 1x PBS. Cells are then 
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incubated with human IgG (polyclonal human IgG, Sigma, Cat o. I-4506; 20µg/10^6 

cells) solution or 10% human serum in PBS for 30minutes in 4℃ to block the Fc 

receptors, and prevent the binding of HA-tag antibody. The cells are centrifuged at 1300 

rpm for 7 minutes in 4℃ after incubation, and the blocking buffer are removed. 100 µL 

of titrated primary antibody in FACS buffer is added (1x PBS, 2% FBS, 0.09% sodium 

azide, keep in 4℃) for surface antigens, incubate on ice for 30-45 minutes and protect 

from light. Following the incubation, cells are washed with 200 µL FACS buffer and 

centrifuge at 1300 rpm for 7 minutes in 4℃ twice, fix with 100 µL 2% 

paraformaldehyde for 10 minutes on ice and wash. All acquisition was done by the LSR 

II flow cytometer. 

RNA and miRNA Isolation 

Following the different treatments, the cells are harvested and the cell pellet was re-

suspended in 700 µL QIAzol in 1.5 mL RNase-free microfuge tubes (Ambion/Life 

technologies, Carlsbad, CA, USA). An additional 20% total volume of chloroform 

(Sigma-Aldrich, Cat #C3432, St. Louis, MO, USA) was added to each tube. The samples 

are vortexed vigorously for 15 seconds, stood for 2 minutes in room temperature, and 

centrifuged at 13000 rpm for 15 minutes at 4℃. The upper translucent aqueous layer is 

then transfered to a new 1.5 mL tube and mixed with 1.5X volumes of 100% alcohol by 
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pipeting (Thermo Fisher Scientific, Rockford, IL, USA). Samples are transferred to the 

RNeasy MinElute column, centrifuge at 13000 rpm for 1 minute at 4℃, and discard the 

flow-through. 350 µL Buffer RWT is added to the columns, centrifuge at 13000 rpm for 1 

minute at 4℃, 40 µL DNase I is added to the columns for 20 minutes, stand for 25 

minutes in room temperature, and add another 50 µL Buffer RWT to the columns, 

centrifuge at 13000 rpm for 1 minute at 4℃. Added 500 µL Buffer RPE to the columns, 

centrifuge at 13000 rpm for 1 minute at 4℃ for twice. Add 30 µL Nuclease-free water 

(Ambion/Life technologies, Carlsbad, CA, USA) to the columns, stand for 5 minutes, 

centrifuge at 13000 rpm for 1 minute at 4℃, collect the flow-through, and store in -80℃. 

Quantity and Integrity of RNA 

The concentration and purity is assessed by optical density (OD). A total 2 uL RNA 

each sample is measured at both 260 and 280 nm (OD260 and OD280) using a nanodrop 

2000® spectrophotometer (Thermo Fisher Scientific, Rockford, IL, USA). The OD ratio 

between 1.7 and 1.95 indicate good quality of RNA. 

Reverse Transcription 

mRNA reserve transcription is done by using the SuperScript® III First-Strand 

Synthesis System (Life technologies, Carlsbad, CA, USA) and 1-5 µg total RNA are used 

for cDNA synthesis. For each 20 µL reaction, mix 6 µL total RNA, 1 µL random hexamer 
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(50ng/µL), and 1 µL annealing buffer. The 8 µL mixture is loaded in the MicroAmp® 

Fast Reaction tubes (Life technologies, Carlsbad, CA, USA) and the mixture incubated in 

a thermal cycler at 65℃ for 5 minutes, and hold in 4℃ for at least 1 minute. Then add 

10 µL 2X First-Strand Reaction Mix and 2 µL SuperScript® III/RNaseOutTM Enzyme 

Mix in each tube. Briefly spin down and perform the reserve transcription program as 

follows: 25℃ for 10 minutes, 50℃ for 50 minutes, 85℃ for 5 minutes, and 4℃ hold. 

miRNA reverse transcription is done using the TaqMan® miRNA reverse 

transcription kit (Life technologies, Carlsbad, CA, USA). Total RNA is diluted to 2 ng/µL 

concentration by nuclease-free water (Ambion/Life technologies, Carlsbad, CA, USA) 

before RT reaction. For each 15 µL RT reaction, combine the 5 µL total RNA is diluted, 

7.5 µL RT master mixture (0.15 µL dNTP mixture + 1 µL Multiscribe RT enzyme + 1.5 

µL 10X RT buffer + 0.19 µL RNase inhibitor + 5.46 µL Nuclease-free water) are added, 

and 2.5 µL primer mixture (1.5 µL target primer + 1µL U6 snRNA control primer) in the 

MicroAmp® Fast Reaction tubes. The reserve transcription program is run as follows: 16

℃ for 30 minutes, 42℃ for 30 minutes, 85℃ for 5 minutes, and 4℃ hold. 

qRT-PCR 

Real-Time PCR is performed with the Applied Biosystems StepOnePlusTM Real-

Time PCR system (Applied biosystems) and TaqMan® Universal Master Mix II (Applied 
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biosystems)  

Table 3. Primers Utilized for qPCR Analysis 

miRNA/mRNA name sequence 

hsa-miR-28 AAGGAGCUCACAGUCUAUUGAG 

hsa-miR-125b UCCCUGAGACCCUAACUUGUGA 

hsa-miR-150 UCUCCCAACCCUUGUACCAGUG 

hsa-miR-382 GAAGUUGUUCGUGGUGGAUUCG 

hsa-miR-21 UAGCUUAUCAGACUGAUGUUGA 

hsa-miR-29a UAGCACCAUCUGAAAUCGGUU 

hsa-miR-155 UUAAUGCUAAUCGUGAUAGGGG 

hsa-miR-146a UGAGAACUGAAUUCCAUGGGUU 

hsa-miR-147 GUGUGUGGAAAUGCUUCUGC 

hsa-miR-210 CUGUGCGUGUGACAGCGGCUGA 

hsa-let-7c UGAGGUAGUAGGUUGUAUGGUU 

hsa-miR-20b CAAAGUGCUCAUAGUGCAGGUAG 

hsa-miR-146b UGAGAACUGAAUUCCAUAGGCU 

hsa-miR-30b-5p UGUAAACAUCCUCGACUGGAAG 
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Table 3, continued 

hsa-miR-19a UGUGCAAAUCUAUGCAAAACUGA 

U6 snRNA GTGCTCGCTTCGGCAGCACATATACTAAAATTGGAACGATACAGAGAAGATTAGCATGG

CCCCTGCGCAAGGATGACACGCAAATTCGTGAAGCGTTCCATATTTT 

 

For each 20 µL reaction, 9 µL RT products/RNase-free water mixture and 11 µL PCR 

reaction mixture (10 µL TaqMan® Universal Master Mix with/no UNG, 2X + 1 µL 

TaqMan® assay, 20X) is combined, and the mixture load into a 96-well reaction-plate, 

and the plates seal. The plate is loaded into the real-time PCR system, and the reserve 

transcription program perform as follows: UNG incubation: 50℃ for 2 minutes, 

Polymerase activation: 95℃ for 10 minutes, PCR (40 cycles): 95℃ for 15 seconds, 60

℃ for 1 minutes, and 4℃ hold. The cycle threshold (CT) values of target 

miRNA/mRNA and reference miRNA/mRNA are recorded and the Delta-Delta CT 

(Livak) method use to normalize the qPCR results: 

 

ΔCT(sample)=CT(target)−CT(ref) 

ΔΔCT=(CT(target,untreated)−CT(ref,untreated))−(CT(target,treated)−CT(ref,treated)) 
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Then calculate the expression ratio of the target gene in the treated sampleand the 

untreated sample by taking 2ΔΔCT to calculate the relatively expression level. 

Human Phospho-Kinase Antibody Array 

    Human phospho-kinase antibody array is performed with the Proteome Profiler 

Array-Human phospho-kinase array kit (R&D systems, Minneapolis, MN, USA). 1x106 

HEK-MOR cells are seeded in 6-well plates 2 days before the treatment, and the cells 

starve one day before treatment. After treatment, the cells are rinsed with 1xPBS, to 

remove any remaining PBS. Lysis buffer was added to each well (1x107 cell/ml), and the 

cell lysate in 4℃ for 30 minutes. The cell lysates are collected and centrifuged at 12000 

rpm for 15 minutes in 4℃. The concentration of protein samples are measured using the 

Pierce BCA protein assay kit (Thermo Fisher Scientific, Rockford, IL, USA). The OD595 

is measured and the protein concentration is determined based on a standard curve 

generated using BSA. The membranes (A and B part) with Array buffer 1 in room 

temperature for 1 hour, remove the buffer 1, add the mixture of lysate and buffer 1 (2 mL 

total volume), incubate the membranes on the incubation plate (with the kit) in 4℃ cold 

room overnight with mild rocking. The membranes are washed the next day with 1xPBS, 

20mL per dish for 3 times. The membranes are transferred back to the incubation plate, 

diluted detection antibody cocktail-A (DAC-A) was added to part A membranes, and 
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DAC-B to part B membranes, and incubated the membranes in room temperature for 2 

hours on a rocker. Each membrane is transferred to new 6-cm petri dishes separately, 

wash with 1xPBS (20mL per dish for 3 times) after incubation. After washing, each 

membrane is incubated with 1mL Streptavidin-HRP in the incubation plates for 30 

minutes on a rocker. Transferr each membrane to new 6-cm petri dishes separately, wash 

with 1xPBS (20mL per dish for 3 times) after incubation. The membrane is developed 

with Pierce ECL western blotting substrate (Thermo Fisher Scientific, Rockford, IL, 

USA) according the protocol.  

Preparation of Whole Cell Protein Lysates 

Whole cell lysates are prepared using a mixture of RIPA buffer (20 mM Tris-HCl 

(pH 7.5), 150 mM NaCl, 1 mM Na2EDTA, 1 mM EGTA, 1% NP-40, 1% sodium 

deoxycholate, 2.5 mM sodium pyrophosphate, 1 mM beta-glycerophosphate, 1 mM 

Na3VO4, 1 µg/mL leupeptin. (Cell signaling) and Halt protease and phosphatase inhibitor 

cocktail (Thermo Fisher Scientific, Rockford, IL, USA). The inhibitor cocktail contain 

sodium fluoride to inhibit Ser/Thr and acidic phosphatases, sodium orthovanadate to 

inhibit Tyr and alkaline phosphatases, β-glycocerophosphate and sodium phrophosphate 

to inhibit Ser/Thr phosphatases, aprotinin to inhibit Ser protease, bestatin to inhibit 

amino-peptidases, E64 to inhibit cysteine proteases, leupeptin to inhibit Ser/Cys 
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proteases, EDTA to inhibit metalloproteases. RIPA buffer is added to the cell pellet or 

directly add on the 6-well or 24-well plate after treatment and cells are placed on a rocker 

for 30 minute at 4℃. Samples are centrifuged at 13000 rpm for 15 minutes at 4℃. The 

supernatants which contain the cellular proteins are removed and stored in -80℃. 

Western Blot Analysis 

    For all the western blots, the concentration of protein samples are measured using 

the Pierce BCA protein assay kit (Thermo Fisher Scientific, Rockford, IL, USA). OD595 is 

measured and the protein concentration was determined based on a standard curve using 

BSA (2µg/µL stock, serial dilution). 15-30 µg whole cell lysate is mixed with 4x loading 

dye mixture (LDS loading buffer + 10% volume 5M DTT) (Invitrogen) and heated to 95

℃ for 5 minutes. Protein samples are cooled to 4℃ and centrifuge at 10000 rpm for 5 

minutes. The protein samples are loaded onto the Bolt 4-12% Bis-Tris Plus gel (Life 

technologies, Carlsbad, CA, USA). The gels are run with 1x Bolt MES SDS running 

buffer (Life technologies, Carlsbad, CA, USA) at 150V for 35 minutes in the Bolt mini 

gel tank. The gel transfer is carried out using the iBlot gel transfer system (Life 

technologies, Carlsbad, CA, USA). The gels are placed onto the nitrocellular (NC) 

membrane on the iBlot gel transfer stacks, and transfer at 20 V for 7 minutes. The 

membranes ares cut to proper size, staine with ATX Ponceau S red staining solution 
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(Sigma) to confirm the transfer quality, and cut the membranes for continuing western 

blot analysis. ATX ponceau S is washed with 1x TBST 3 times, 5 minutes each, and the 

membranes are blocked with 1x TBST with 5% BSA at room temperature for 1 hour. 

Primary antibodies are added at different dilution ratio to detect the interested protein 

expression. Incubate the membranes in 4℃ cold room overnight with mild rocking. The 

primary antibody is removed in the very next day, the membranes wash with 1x TBST for 

3 times, 5 minutes each. The membranes are incubated in the secondary antibody for 1 

hour at temperature, with mild rocking. Secondary antibody is conjugated with 

horseradish peroxidase (HRP) and dilute in 1:10000 ratio in 5% BSA in 1x TBST. 

Following the incubation, the membranes wash in 1x TBST for 3 times, 5 minutes each. 

The membranes are developed with Pierce ECL western blotting substrate (Thermo 

Fisher Scientific, Rockford, IL, USA) according the protocol.  

Image Analysis 

    The densitometry analysis is done by ImageJ freeware offer by national institute of 

health (NIH). The band is identified, substrate the background, draw a rectangle on the 

interested band, and record the strength of expression. Drag the rectangle carefully to 

measure all the interested bands, and export the files to analyze the expression ratio. 

Immunofluorescence Staining 
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    For all the immunofluorescence staining, the fixation of samples are done by using 

BD Perm/Wash buffer kit (Becton, Dickinson and Company (BD), Franklin Lakes, NJ, 

USA). 1x104 HEK-MOR cells/ Human primary monocytes are seeded into each well of a 

96-well plate in serum-free medium one day before treatment. After the sample treatment, 

the medium is removed, and 100 µL ice-cold BD Cytofix/Cytoperm solution add to fix 

the cells in 4℃ cold room for 20 minutes. The fixed cells are washed twice in 250 µL 

1xBD Perm/Wash buffer, 15 minutes each. Primary antibodies dilute by 1xBD 

Perm/Wash buffer was added at 1:100 ratios and the fixed cells incubate in 4℃ overnight 

on the rocker. The primary antibody is removed in the next day, the membranes wash 

with 1xBD Perm/Wash buffer for 2 times, 15 minutes each. The fixed cells are incubated 

in the secondary antibody and DAPI for 1 hour at 4℃ on the rocker. Secondary antibody 

is conjugated with Alexa® 488 or 555 and diluted in 1:500 ratios in 1xBD Perm/Wash 

buffer, DAPI is diluted in 1:2000 ratios in 1xBD Perm/Wash buffer. Following the 

incubation, the fixed cells are washed in 1xBD Perm/Wash buffer for 2 times, 15 minutes 

each. Then observe and record the result using a fluorescent microscope.  

Statistical Analysis 

    The data are presented as the mean ± standard deviation (mean±SD). Statistical 

difference between the groups was assessed by using a two-tailed or one-tailed Student’s t 
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Test (depends on the condition). P-value ≦ 0.05 was considered to be significant 

(statistically different). 
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CHAPTER 3 

RESULTS 

OPIOID RECEPTOR-MEDIATED ACTIVATION OF MAPK/ERK 

Time course and Dose-dependent DAMGO Treatment and ERK 

Phosphorylation 

  

Our lab has been interested in the opioid-related signaling transduction pathways 

which related to monocyte function, following opioid receptor activation by its specific 

agonists. Previous research indicated the activation of opioid receptors leads to 

extracellular signal-regulated kinases (ERK) phosphorylation (Schulz et al., 2004), one of 

the most significant effects of opioid receptor activation. MAPK/ERK signaling pathways 

regulate many physiological behaviors such as cell survival and inflammation. However, 

the signaling pathway induces ERK activation remains uncertain. To further understand 

the mechanism in the MOR-induced ERK phosphorylation, we chose to use both primary 

monocytes, and HEK-293 cells stable transfected with μ-opioid receptor. After time-

course and dose response experiments, we found the ERK phosphorylation in human 

PBMCs and the HEK-MOR cell line peaked after 15mins and an optimal dose of 100nM 

DAMGO treatment (Fig.11). 
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A. 

 
B. 

 
 

Figure 11. ERK Phosphorylation in Response to DAMGO Administration in PBMC 
and HEK-MOR Cells.  
PBMCs (A) and HEK-MOR cells (B) were both treated with 15mins DAMGO at 10uM 
(Lane 2), 100nM (Lane 3), 500nM (Lane 4), 1000nM (Lane 5). PBMCs and HEK-MOR 
cells were also treated with 100nM DAMGO for 5 mins treatment (Lane 7), 10 mins 
(Lane 8), 15 mins (Lane 9), and 30 mins (Lane 10). Cells were also untreated (Lane 1 and 
6) as control. Total cell lysate was collected, phospho-ERK (Tyr 204 of ERK1/2) and 
total ERK expression was determined by western blot analysis.  
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DAMGO-induced Kinase Phosphorylation in HEK-MOR Cells 

 

While our experiments showed that DAMGO treatment induced ERK 

phosphorylation, the mechanism responsible for the ERK activation still remains 

uncertain. As a first step, we screen the MOR-induced signaling transduction pathways 

using a human phospho-kinase antibody array, this analysis should help to identify the 

signaling elements which are induced following MOR activation. The human phospho-

kinase array detected the site-specific phosphorylation of 43 kinases and other related-

proteins. HEK-MOR cells were treated with DAMGO for 15 mins and the cell lysates 

were used for the human kinase phospho-array analysis. The changes between the control 

and DAMGO treatment groups determined using ImageJ analysis, and compared with 

non-treated controls to identify the proteins with phosphorylation levels greater than 2 

fold (Fig.12A/B). We found 22 of 43 kinases with at least a 2 fold increase (p38, ERK1/2, 

JNK1/2/3, GSK-3α/β, MSK1/2, AMPKα1, TOR, CREB, HSP27, AMPKα2, Src, Lyn, 

Lck, STAT2, STAT5a, Fyn, Yes, STAT6, STAT5b, FAK, PDRF Rβ, p70 S6 kinase T139, 

PYK2),indicated the MOR activation induced the activation of many kinases, and the 

regulation of several kinases have been reported by other investigators (Mangoura, 1997, 

Polakiewicz et al., 1998, Singhal et al., 2001, Bilecki et al., 2004, Mazarakou and 
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Georgoussi, 2005, Tan et al., 2009). However, only ERK1/2 and CREB have highly 

significant phosphorylation after DAMGO treatment in HEK-MOR cells (Table.4). 

However, CREB S133 phosphorylation has been proved to be regulated by ERK/MSK 

and PKA signaling pathways (Xing et al., 1996, Shaywitz and Greenberg, 1999, Hauge 

and Frodin, 2006)  We choose to focus primarily on the biochemical basis for this MOR-

mediated ERK signaling transduction pathway. 
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A. 
 

Akt (S473)  Hck (Y411) PRAS40 (T246) 

Akt (T308) HSP27 (S78/S82) Pyk2 (Y402) 

AMPK alpha1 (T174) HSP60 RSK1/2/3 
(S380/S386/S377) 

AMPK alpha2 (T172) JNK pan (T183/Y185, 
T221/Y223) 

Src (Y419) 

beta-Catenin Lck (Y394) STAT2 (Y689) 

Chk-2 (T68) Lyn (Y397) STAT3 (S727) 

c-Jun (S63) MSK1/2 (S376/S360) STAT3 (Y705) 

CREB (S133) p27 (T198) STAT5a (Y694) 

EGF R (Y1086) p38 alpha (T180/Y182) STAT5a/b (Y694/Y699) 

eNOS (S1177) p53 (S15) STAT5b (Y699) 

ERK1/2 (T202/Y204, 
T185/Y187) 

p53 (S392) STAT6 (Y641) 
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FAK (Y397) p53 (S46) TOR (S2448) 

Fgr (Y412) p70 S6 Kinase 
(T421/S424) 

WNK-1 (T60) 

Fyn (Y420) PDGF R beta (Y751) Yes (Y426) 

GSK-3 alpha/beta 
(S21/S9) 

PLC gamma-1 (Y783)  
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B. 

 
 

Figure 12A/B. Phospho-array Analysis of Control and 100nM DAMGO-treated 
HEK-MOR Cells.  
The illustration of kinase phosphorylation sites and human kinase phospho-array (A). 
HEK-MOR cells were treated with medium alone (non-treat), of 100uM DAMGO for 
15mins and the cell lysate was analyzed by human kinase phospho-array analysis (B). 
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Table 4. Phospho-array Data Analysis of HEK-MOR Cells.  
The results from the human kinase phospho-array assessment was analyzed by ImageJ. 
The protein phosphorylation ratio of signaling elements with DAMGO treatment, 
compared with the control was determined. Those controls with an activation ratio ≧2 
fold is indicated (Bold). 
 

Protein Phosphorylation Site pERK/ERK ratio  
p38 T180/Y182 2.15 

ERK 1/2 T202/Y204 T185/Y187 2.52 
JNK 1/2/3 T183/Y185 T221/Y223 2.8 
GSK-3 α/β S21/S9 2.34 

EGFR Y3086 1.83 
MSK 1/2 S376/S360 2.83 
AMPKα1 T183 3.19 
Akt 1/2/3 S473 1.18 

TOR S2448 5.1 
CREB S133 2.51 
HSP27 S78/S82 2.21 

AMPKα2 T172 3.75 
β-catenin   1.89 

Src Y419 5.38 
Lyn Y397 3.84 
Lck Y394 12 

STAT2 Y689 2.54 
STAT5a Y694 2.43 

Fyn Y420 5.38 
Yes Y426 10.24 
Fgr Y412 1.3 

STAT6 Y641 11.75 
STAT5b Y699 2.46 

Hck Y411 1.7 
Chk-2 T68 1.49 
FAK Y397 15.25 
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Table 4, continued. 
PDGF Rβ Y751 5.12 
STAT5a/b Y694/Y699 1.29 
PRAS40 T246 - 

p53 S392 1.32 
Akt 1/2/3 T308 0.35 

p53 S46 1.25 
p70 S6 Kinase T389 19.33 

p53 S15 1.03 
C-Jun S63 0 

p70 S6 Kinase T421/S424 0.69 
RSK 1/2/3 S380/S386/S377 1.22 

eNOS S1177 0.08 
STAT3 Y705 0.58 

p27 T198 0.72 
PLC-γ1 Y783 1.14 
STAT3 S727 0.86 
WNK1 T60 0.4 
PYK2 Y402 42.86 
HSP60   0 
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MEK, Raf, and Ras Inhibitor Inhibit DAMGO-induced ERK Phosphorylation 

in HEK-MOR Cells 

 

  To understand how DAMGO/opiate regulates the ERK phosphorylation to induce 

down-stream signaling and identify the mechanism of ERK phosphorylation in HEK-

MOR cells, we used chemical inhibitors to investigate the mechanism of ERK 

phosphorylation in HEK-MOR cells. First, we used MEK1/2 inhibitor U0126, a direct 

inhibitor which is highly specific for MEK1/2 (Favata et al., 1998). Cells were pretreated 

with U0126 and the optimal time and dose were determined. These cells were than 

treated with DAMGO, the cell lysate was collected, and the ERK phosphorylation was 

determined by western blot analysis. ERK phosphorylation is greatly reduced with 50uM 

and 5uM U0126 pretreatment, but 0.5uM U0126 pretreatment does not inhibit ERK 

phosphorylation. We found that 50uM U0126 treatment completely inhibited MOR-

mediated ERK phosphorylation at 3 hour, 1 hour, and 0.5 hour pretreatment (Fig.13). 

According to previous research, U0126 can inhibit Raf-related MEK activation with 

10uM pretreatment, suggesting the possibility that Ras-Raf signaling may also be 

involved in MOR-mediated ERK phosphorylation. We pretreated cells with the Raf 

inhibitor Bay 43-9006 (BAY) (Panka et al., 2006) or the Ras inhibitor 
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farnisylthiosalicylic acid (FTS) (Amos et al., 2006), to determine if MOR-mediated ERK 

phosphorylation was mediated though a Ras-Raf-ERK signaling cascade. We pretreated 

the cells with BAY or FTS over a period of 0.5 to 3 hours and over a range of either BAY 

(0.1-10uM), or FTS (0.25-25nM) doses, we then evaluated the DAMGO-induced ERK 

phosphorylation by western blot analysis. The results showed that after 25uM FTS 

(Fig.14) or 10uM BAY pretreatment (Fig.15), MOR-mediated ERK phosphorylation was 

substantially reduced in HEK-MOR cells. This indicated that MOR-mediated ERK 

phosphorylation is dependent on the Ras-Raf-MEK signaling cascade. 
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Figure 13. MEK Inhibitor Inhibited DAMGO-induced ERK Phosphorylation in 
HEK-MOR Cells.  
HEK-MOR cells were pre-treated for 1 hour with the MEK inhibitor U0126 at 0 (Lane 
2), 50uM (Lane 3), 5uM (Lane 4), 0.5uM (Lane 5), followed by treatment with 100nM 
DAMGO for 15 mins. Alternatively, cells were pretreated with 50uM U0126 for 3hr 
(Lane 6), 1hr (Lane 7), or 0.5hr (Lane 8), followed by treatment with 100nM DAMGO 
for 15mins. Cells were also untreated (Lane 1), or treated with 40nM PMA for 15mins 
(Lane 9). Total cell lysate was then subjected to western blot analysis using antibodies for 
total ERK, phospho-ERK (Tyr 204), or GADPH. This experiment is representative of at 
least three independent experiments. 
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Figure 14. Ras Inhibitor Inhibited DAMGO-induced ERK Phosphorylation in HEK-
MOR Cells.  
HEK-MOR cells were pre-treated for 1 hour with the Ras inhibitor farnesylthiosalicylic 
acid (FTS) at 0 (Lane 2), 25uM (Lane 3), 2.5uM (Lane 4), 0.25uM (Lane 5), followed by 
treatment with 100nM DAMGO for 15 mins. Alternatively, cells were pretreated with 
25uM FTS for 3hr (Lane 6), 1hr (Lane 7), or 0.5hr (Lane 8), followed by treatment with 
100nM DAMGO for 15mins. Cells were also untreated (Lane 1), or treated with 40nM 
PMA for 15mins (Lane 9). Total cell lysate was then subjected to western blot analysis 
using antibodies for total ERK, phospho-ERK (Tyr 204), or GADPH. This experiment is 
representative of at least three independent experiments. 
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Figure 15. Raf Inhibitor Inhibited DAMGO-induced ERK Phosphorylation in HEK-
MOR Cells.  
HEK-MOR cells were pre-treated for 1 hour with the Raf inhibitor Bay 43-9006 (BAY) at 
0 (Lane 2), 10uM (Lane 3), 1uM (Lane 4), 0.1uM (Lane 5), followed by treatment with 
100nM DAMGO for 15 mins. Alternatively, cells were pretreated with 10uM BAY for 
3hr (Lane 6), 1hr (Lane 7), or 0.5hr (Lane 8), followed by treatment with 100nM 
DAMGO for 15mins. Cells were also untreated (Lane 1), or treated with 40nM PMA for 
15mins (Lane 9). Total cell lysate was then subjected to western blot analysis using 
antibodies for total ERK, phospho-ERK (Tyr 204), or GADPH. This experiment is 
representative of at least three independent experiments. 
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PKC, PI3K, and PLC Inhibitors Inhibit DAMGO-induced ERK 

Phosphorylation in HEK-MOR Cells 

 

We decided to assess the possibility that other PKC, or PI3K/Akt might be upstream 

of Ras-Raf-Mek signaling cascade in this pathway. Previous research from our lab 

showed that MOR induces activation of several PKCs (Song et al., 2011). In addition 

other investigators have reported that PI3K/Akt signaling is induced through an opioid 

receptor signaling pathway (Kam et al., 2004b). To identify the upstream components of 

Ras activation, we employed PKA, PI3K, and PKC inhibitors to assess their role in 

MOR-mediated ERK phosphorylation in HEK-MOR cells. We used the pan-PKC 

inhibitor Go6983, which inhibits PKCα, β, γ, and δ with IC50 of 6-10nM, also inhibits 

PKD in NIH3T3, THP-1 and HEK cells. (Gschwendt et al., 1996, Iwamoto et al., 2008). 
The HEK-MOR cells were pretreated with Go6983 over a period of 0.5-3 hours and a 

concentration of 0.2-20uM dose range. We found that ERK phosphorylation was inhibited 

after 20uM Go6983 treatment, suggesting that PKC/PKD plays a role in MOR-mediated 

ERK phosphorylation in HEK-MOR cells base on the high dose required for inhibition 

(Fig.16).  

On the other hand, other investigators have shown that MOR-mediated ERK 
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phosphorylation may also rely on the PI3K/Akt signaling pathway. Therefore we used 2 

different PI3K inhibitors: irreversible non-specific inhibitor Wortmannin, which reacts 

covalently with a lysine residue in the ATP binding site of PI3K; and reversible highly-

specific PI3K inhibitor LY294002, which has competitive binding to ATP binding site of 

PI3K, to inhibit PI3K activity (Stein and Waterfield, 2000). The HEK-MOR cells were 

pretreated with 2.5uM Wortmannin over a period of 0.5-3 hours and a concentration of 

0.025-2.5uM dose range, and 100uM LY294002 over a period of 0.5-3 hours and a 

concentration of 1-100uM dose range pretreatment, we found PI3K inhibitors do not 

significantly inhibit MOR-mediated ERK phosphorylation in HEK-MOR system 

(Fig.17). It reinforced the result from human kinase phospho-array data that PI3K 

signaling pathway may not involve in the MOR-mediated ERK phosphorylation in our 

system. Previous research showed the activation of PKC in opioid receptor signaling 

pathway may also go through PLC activation, therefore we also employed the PLC 

inhibitor U73122 (U73), which decrease the availability of PIP2 to reduce the substrate of 

PLC and inhibit PLC activity (Burgdorf et al., 2010), to confirm if PLC activation is a 

part of the signaling pathway. The HEK-MOR cells were pretreated with 50uM U73 over 

a period of 0.5-3 hours and a concentration of 0.5-50uM dose range pretreatment, we 

found U73122 inhibit MOR-mediated ERK phosphorylation HEK-MOR (Fig.18). 



83  

 
 

Figure 16. PKC Inhibitor Inhibited DAMGO-induced ERK Phosphorylation in 
HEK-MOR Cells.  
HEK-MOR cells were pre-treated for 1 hour with the PKC inhibitor Go6983 at 0 (Lane 
2), 50uM (Lane 3), 5uM (Lane 4), 0.5uM (Lane 5), followed by treatment with 100nM 
DAMGO for 15 mins. Alternatively, cells were pretreated with 50uM Go6983 for 3hr 
(Lane 6), 1hr (Lane 7), or 0.5hr (Lane 8), followed by treatment with 100nM DAMGO 
for 15mins. Cells were also untreated (Lane 1), or treated with 40nM PMA for 15mins 
(Lane 9). Total cell lysate was then subjected to western blot analysis using antibodies for 
total ERK, phospho-ERK (Tyr 204), or GADPH. This experiment is representative of at 
least three independent experiments. 
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A. 

 

B. 
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Figure 17. PI3K Inhibitor Wortmannin (A) and LY294002 (B) Did Not Significantly 
Inhibit DAMGO-induced ERK Phosphorylation in HEK-MOR Cells.  
HEK-MOR cells were pretreated for 1 hour with the PI3K inhibitor Wortmannin (Wort) 
at 0 (Lane 2), 2.5uM (Lane 3), 0.25uM (Lane 4), 0.025uM (Lane 5), followed by 
treatment with 100nM DAMGO for 15 mins. Alternatively, cells were pretreated with 
2.5uM Wort for 3hr (Lane 6), 1hr (Lane 7), or 0.5hr (Lane 8), followed by treatment with 
100nM DAMGO for 15mins. Cells were also untreated (Lane 1), or treated with 40nM 
PMA for 15mins (Lane 9) (Fig.A). On the other hand, HEK-MOR cells were also 
pretreated for 1 hour with the PI3K inhibitor LY294002 (LY) at 0 (Lane 2), 100uM (Lane 
3), 10uM (Lane 4), 1uM (Lane 5), followed by treatment with 100nM DAMGO for 15 
mins. Alternatively, cells were pretreated with 100uM LY for 3hr (Lane 6), 1hr (Lane 7), 
or 0.5hr (Lane 8), followed by treatment with 100nM DAMGO for 15mins. Cells were 
also untreated (Lane 1), or treated with 40nM PMA for 15mins (Lane 9) (Fig.B). Total 
cell lysate was then subjected to western blot analysis using antibodies for total ERK, 
phospho-ERK (Tyr 204), or GADPH. This experiment is representative of at least three 
independent experiments. 
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Figure 18. PLC Inhibitor Inhibited DAMGO-induced ERK Phosphorylation in 
HEK-MOR Cells.  
HEK-MOR cells were pre-treated for 1 hour with the PLC inhibitor U73122 (U73) at 0 
(Lane 2), 50uM (Lane 3), 5uM (Lane 4), 0.5uM (Lane 5), followed by treatment with 
100nM DAMGO for 15 mins. Alternatively, cells were pretreated with 50uM U73 for 3hr 
(Lane 6), 1hr (Lane 7), or 0.5hr (Lane 8), followed by treatment with 100nM DAMGO 
for 15mins. Cells were also untreated (Lane 1), or treated with 40nM PMA for 15mins 
(Lane 9). Total cell lysate was then subjected to western blot analysis using antibodies for 
total ERK, phospho-ERK (Tyr 204), or GADPH. This experiment is representative of at 
least three independent experiments. 
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The Role of PKA in DAMGO-induced ERK phosphorylation in HEK-MOR 

cells 

 

Previous studies have suggested that MOR-mediated MAPK signaling is not 

mediated through cAMP/PKA signaling because the physiological function of MOR is to 

inhibit the activation of cAMP/PKA (Galligan and Akbarali, 2014). We employed H-89, a 

competitive inhibitor of PKA, which works by binds the ATP binding pocket in the kinase 

catalytic subunit, with the EC50 of 48nM (Engh et al., 1996). Our results showed that H-

89 did not inhibit MOR-mediated ERK phosphorylation with low dose (0.5uM) treatment 

substantially (Fig.19). However, the data showed that H-89 inhibit MOR–mediated ERK 

phosphorylation at the concentration of, which against the physiological function of 

MOR (Fig.19). Previous research reported that H-89 can also inhibit CaMKII, canein 

kinase I, Rsk-2, MSK1, MYLK, Akt1, PKCμ, Rock-2, and p70 S6 kinase-α after high 

concentration H-89 pretreatment (Chijiwa et al., 1990, Davies et al., 2000, Chase et al., 

2010, Menegaz et al., 2010), which means that H-89 may inhibit MOR-mediated ERK 

phosphorylation by inhibiting the activity of other protein kinases. 
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Figure 19. PKA Inhibitor Inhibited DAMGO-induced ERK Phosphorylation in 
HEK-MOR Cells.  
HEK-MOR cells were pre-treated for 1 hour with the PKA inhibitor H-89 at 0 (Lane 2), 
50uM (Lane 3), 5uM (Lane 4), 0.5uM (Lane 5), followed by treatment with 100nM 
DAMGO for 15 mins. Alternatively, cells were pretreated with 50uM H-89 for 3hr (Lane 
6), 1hr (Lane 7), or 0.5hr (Lane 8), followed by treatment with 100nM DAMGO for 
15mins. Cells were also untreated (Lane 1), or treated with 40nM PMA for 15mins (Lane 
9). Total cell lysate was then subjected to western blot analysis using antibodies for total 
ERK, phospho-ERK (Tyr 204), or GADPH. This experiment is representative of at least 
three independent experiments. 
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DAMGO-induced PKD Phosphorylation in HEK-MOR Cells 

 

Our results with the PKC inhibitor Go6983, and the PKA inhibitor H-89, suggest the 

possibility that PKCmu/PKD1 may be involved in MOR-induced ERK activation, 

because previous literature indicated that high concentration of Go6983 and H-89 

treatment can both inhibit the PKD activity (Johannes et al., 1995, Iwamoto and 

Yokoyama, 2011) (Table.5). We found that PKCmu/PKD1 phosphorylation with either 

100nM or 500nM DAMGO treatments (Fig.20).PKCmu/PKD1 can be phosphorylated on 

serine 744/748 in the kinase domain and/or serine 916 in the auto-phosphorylation motif, 

in order to acquire full activity. In my experiments, we found dose-dependent 

phosphorylation of PKCmu/PKD1 S916 after t DAMGO treatment. However, we did not 

observe the phosphorylation on S744/748 (Fig.20). The phospho-ERK is also upregulated 

after DAMGO treatment as an experimental control. Total ERK and PKCmu/PKD1 were 

included as loading controls. 
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Table.5 Inhibitory Effect of PKA, PI3K/Akt, PKC and MAPK Signaling Pathway 
Inhibitors in HEK-MOR Cells. 
MEK, Ras, Raf, and PLC inhibitors inhibited ERK phosphorylation in the concentration 
of EC50. PI3K inhibitors did not significantly inhibit MOR-mediated ERK 
phosphorylation. PKA and PKC inhibitors only inhibited ERK phosphorylation in very 
high concentration, suggested that MOR-mediated ERK phosphorylation depends on 
PKCmu/PKD1 activation. 
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Figure 20. PKCmu S916 Phosphorylation after DAMGO Treatment in HEK-MOR 
Cells.  
HEK-MOR cells were treated for 100nM and 500nM DAMGO for 15mins, and 40nM 
PMA treatment was a positive control. Result are shown for western blot analysis of total 
PKCmu/PKD1, phosphor-PKCmu/PKD1 S744/748, phosphor-PKCmu/PKD1 S916, total 
ERK, phosphor-ERK (Tyr 204 of ERK1/2). This experiment is representative of at least 
three independent experiments.  
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PKD inhibitor inhibit DAMGO-induced ERK phosphorylation in HEK-MOR 

Cells 

 

In an effort to understand the role of PKCmu/PKD1 phosphorylation in the MOR-

mediated regulation of ERK phosphorylation, we decided to use CID755673, a chemical 

inhibitor of PKCmu/PKD1. CID755673 is a non-ATP competitive (CID755673 do not 

bind to the ATP-binding site of PKDs), pan-PKD-specific inhibitor, and has been shown 

to inhibit PKCmu/PKD1 S916 phosphorylation (Sharlow et al., 2011). HEK-MOR cells 

were pretreated with CID 755673 over a 0.4-40uM dose range for 1 hour, followed by 

treatment with 100nM DAMGO for 15 mins, than collected supernatant for western blot. 

We found that PKCmu/PKD1 S916 phosphorylation was upregulated after DAMGO 

treatment, but not S744/748. The DAMGO-induced PKCmu/PKD1 S916 

phosphorylation was downregulated after CID 755673 pretreatment (Fig.21). As the 

control experiment, DAMGO treatment induced ERK phosphorylation in HEK-MOR 

cells. However, DAMGO-induced ERK phosphorylation has been downregulated in the 

CID755673 pretreatment group, similar to PKCmu/PKD1 S916 phosphorylation (Fig.21). 

The ERK phosphorylation was downregulated 21.6% in 40uM, 44.6% in 4uM, and 

22.6% in 0.4uM PKD inhibitor pretreatment, and the PKCmu/PKD1 phosphorylation was 
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downregulated 36% in 40uM, 20% in 4uM, and 16.9% in 0.4uM pretreatment. We also 

assessed the effects of ERK or PKD inhibitors on ERK-phosphorylation in HEK-MOR 

cells using immunofluorescent analysis (Fig.22).  
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Figure 21. PKD Inhibitor Inhibited PKCmu S916 Phosphorylation after DAMGO 
Treatment in HEK-MOR Cells.  
HEK-MOR cells were pre-treated for 1 hour with the PKD inhibitor CID755673 at 0 
(Lane 2), 40uM (Lane 3), 4uM (Lane 4), 0.4uM (Lane 5), followed by treatment with 
100nM DAMGO for 15 mins, and 40nM PMA treatment (Lane 6) was a positive control. 
Result are shown for western blot analysis of total PKCmu/PKD1, phospho-
PKCmu/PKD1 S744/748, phosphor-PKCmu/PKD1 S916, total ERK, phosphor-ERK (Tyr 
204 of ERK1/2). This experiment is representative in several experiments.  
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Figure 22. ERK and PKD Inhibitors Inhibited DAMGO-induced ERK 
Phosphorylation in HEK-MOR Cells.  
HEK-MOR cells were pretreated with ERK inhibitor U0126 (20uM) or PKD inhibitor 
CID 755673 (5uM) for 1hr, followed by DAMGO treatment at 100nM for 15 mins. 40nM 
PMA was the positive control. The cells were fixed for immunofluorescent analysis of 
phospho-ERK (Tyr 204 of ERK1/2) and DAPI. 
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Opiate-induced ERK Phosphorylation in Human Primary Monocyte 

 

Previous studies in our lab observed the opioid-induced ERK phosphorylation in 

human PBMCs and primary monocytes (data not shown), and the activation of MOR 

induces several transcription factors activation (Happel. C, unpublished) and downstream 

miRNA expression (Banerjee et al., 2013, Gonzalez-Nunez et al., 2014). We extracted the 

RNA from donor has significant ERK phosphorylation after morphine treatment for 

miRNA array analysis (Fig.23). 
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Treatments pERK/ERK ratio 
1.Control 1 
2.U0126 20uM pretreat 1hr 0.74 
4.PMA 40nM 15mins 2.9 
3.U0126 20uM pretreat 1hr + PMA 40nM 15mins 1.05 
5.100nM morphine 15 mins 1.95 
6.U0126 20uM pretreat 1hr + 100uM morphine 15 mins 0.67 
7.500nM Morphine 15 mins 1.63 
8.U0126 20uM pretreat 1hr + 500uM morphine 15 mins 1.73 

 
Figure 23. Morphine-induced ERK Phosphorylation in Human Primary Monocytes. 
Human primary monocytes were treated in different treatments including Control (Lane 
1), (2.) 20uM MEK inhibitor U0126, 1h pretreatment (Lane 2), 40nM PMA, 15mins 
treatment (Lane 4), 20uM MEK inhibitor U0126, 1h pretreatment following PMA 40nM 
15mins treatment (Lane 3), 100nM morphine for 15mins treatment (Lane 5), 20uM MEK 
inhibitor U0126 1h pretreatment following 100nM morphine 15 mins treatment (Lane 6), 
500nM morphine for 15mins treatment (Lane 7), and 20uM MEK inhibitor U0126 1h 
pretreatment following 500nM morphine 15 mins treatment (Lane 8). After treatments, 
total RNA was collected for further analysis.  
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OPIOID-INDUCED miRNA EXPRESSION AND SIGNALING PATHWAYS IN 

HUMAN PRIMARY MONOCYTES 

Microarray to Detect miRNA Expression Pattern after Opioid Treatment in 

Human Primary Monocyte 

 

Previous research has shown that the expression of several miRNAs can be 

regulated by opioid treatment (Dave and Khalili, 2010, Wang et al., 2011, Rodriguez, 

2012, Zheng et al., 2012, Banerjee et al., 2013, Gonzalez-Nunez et al., 2014, Barbierato 

et al., 2015). To further understand the relationship between the μ-opioid receptor 

activation and down-stream miRNA expression, we choose to employ the Affimatrix 

miRNA 4.0 array to assess the expression of over 6000 different mature miRNA, pre-

miRNA, and snoRNA expression pattern between control groups and morphine-treat 

groups. Human primary monocytes were isolated, treated with 100nM morphine, 20uM 

ERK inhibitor U0126, or 100nM morphine with 20uM U0126 for 3 hours. RNA was 

obtained from the cells, and subjected to miRNA microarray analysis at the Fox Chase 

Cancer Center Expression Microarray Facility (Fig.24). Based on the results from the 

microarray analysis, we selected 4 anti-HIV miRNAs (miR-28, 125b, 150, 382), 4 

monocyte function-related miRNAs (miR-21, 155, 146a, 29a) and 4 miRNAs which have 
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high basal expression and also highly upregulated after 100nM morphine treatment (miR-

146b, 20b, 19a, 30b-5p) for further experiments (Fig.25). 
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Figure 24. Heatmap of miRNA Microarray Analysis.  
The result of Affimatrix miRNA 4.0 arrays was analyzed using Arraytrack and the 
miRNA expression from low expression level (Blue) to high expression level (Red), 
including miRNAs, pre-miRNAs, and snoRNAs. The miRNA expression pattern of the 
control group, ERK inhibitor (U0126) pretreatment group, and U0126 pretreatment with 
morphine treatment groups are similar, but the expression pattern of morphine treatment 
group is the most different. We choose several miRNAs which are related to monocyte 
function, function as anti-HIV miRNAs, and the miRNAs highly upregulated after 
morphine treatment (most of them label as yellow) for further investigation their 
relationship with morphine. 
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Figure 25. The Expression Pattern of Opiate-related miRNAs in Human Primary 
Monocytes.  
The miRNA expression ratio of control and morphine treatment between 4.0-0.13 folds. 
1114 miRNAs expression has been upregulated more than 1.4 fold change and 983 
miRNAs expression has been downregulated more than 0.7 fold after morphine 
treatment. We transferred y-axis of the results as natural logarithm and present as a dot 
plot to emphasize the expression ratio change. We selected four anti-HIV miRNAs (miR-
28, 125b, 150, 382), five miRNAs related to monocyte functions (miR-21, 155, 146a, 
29a, let-7c), four miRNAs which have relative highly expression (miR-146b, 19a, 20b, 
30b-5p), and one control miRNA (miR-210) for further studies.  
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miRNAs regulated by Opioid Treatment in Human Primary Monocyte 

 

From the microarray analysis of human monocytes, we identified miRNAs for 

further analysis by qPCR. Human primary monocytes from totally 42 donors are isolated, 

treated with morphine over a range of doses from 10nM to 500nM, and the total RNA 

was isolated at 3 hours for qPCR analysis (Table 6.). We found that with 10nM morphine 

treatment, most miRNAs were not significantly upregulated. However, with 100nM 

morphine treatment, we found the expression level of miR-125b, miR-382, miR-21, miR-

155, miR-29a, and miR-20b were significantly (p<0.05) upregulated from 1.45 to 2 fold. 

With 500nM morphine treatment, we also found the expression level of miR-125b, miR-

150, miR-382, miR-21, miR-155, miR-146a, and miR-210 were upregulated from 1.29 to 

1.54 fold with statistical significance (p<0.05), but the expression pattern change is 

relatively low when compared with the 100nM morphine treatment groups (Fig.26A/B). 

Based on these results, we chose to use a concentration at 100nM morphine for further 

experiments. 
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Table 6. Morphine-induced miRNA Expression Change in Human Primary 
Monocytes.  
The morphine-regulated miRNAs, which we identified from miRNA microarray analysis 
in human primary monocytes, were further confirmed by qPCR. Primary monocytes were 
treated with 10nM, 100nM, or 500nM morphine for 3 hours, and the RNA was obtained 
for RT-PCR analysis. The miRNAs which have statistically significance labeled as an 
asterisk. 

miRNA expression after 10nM morphine treatment. 
miRNA Fold change p-value Exps 
miR-28 2.18 ± 1.07 0.149 11 

miR-125b 1.78 ± 0.65 0.129 12 
miR-150 1.31 ± 0.25 0.123 12 
miR-382 3.53 ± 1.48 0.058 11 
miR-21 2.01 ± 0.75 0.103 13 

miR-155 2.05 ± 0.74 0.092 13 
miR-146a 1.53 ± 0.33 0.065 13 
miR-29a 1.92 ± 0.80 0.137 13 

let-7c 4.24 ± 1.86 0.056 11 
*miR-210 0.69 ± 0.12 0.019 8 

 
miRNA expression after 100nM morphine treatment. 

miRNA Fold change p-value Exps 
miR-28 1.26 ± 0.04 0.098 24 

*miR-125b 1.45 ± 0.05 0.034 24 
miR-150 1.17 ± 0.03 0.094 24 
*miR-382 1.60 ± 0.04 0.001 23 
*miR-21 2.00 ± 0.08 0.03 38 
*miR-155 1.62 ± 0.06 0.044 30 
miR-146a 2.03 ± 0.12 0.066 31 
*miR-29a 1.54 ± 0.06 0.047 26 

let-7c 1.10 ± 0.02 0.189 19 
miR-210 0.96 ± 0.02 0.313 20 

miR-146b 1.20 ± 0.05 0.101 9 
*miR-20b 1.54 ± 0.07 0.015 9 
miR-19a 1.43 ± 0.10 0.085 9 
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Table 6, continued 
miR-30b-5p 1.22 ± 0.05 0.092 9 

 
miRNA expression after 500nM morphine treatment. 

miRNA Fold change p-value Exps 
miR-28 1.18 ± 0.19 0.171 19 

*miR-125b 1.24 ± 0.13 0.036 20 
*miR-150 1.16 ± 0.34 0.020 20 
*miR-382 1.54 ± 0.19 0.006 19 
*miR-21 1.23 ± 0.13 0.043 30 
miR-155 1.21 ± 0.10 0.028 23 

*miR-146a 1.17 ± 0.09 0.037 23 
miR-29a 1.33 ± 0.22 0.077 20 

let-7c 1.76 ± 0.67 0.141 19 
*miR-210 1.29 ± 0.17 0.047 19 
miR-146b 1.03 ± 0.09 0.352 9 
miR-20b 1.20 ± 0.19 0.164 9 
miR-19a 1.05 ± 0.11 0.322 9 

miR-30b-5p 1.12 ± 0.17 0.243 9 
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A. 

 
B. 

 
Figure 26. Morphine-induced miRNA Expression in Human Primary Monocytes.  
The figures (A, B) shown here for selected miRNAs (See table.6 for additional details). 
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Role of ERK Activation in Opioid-induced miRNA expression 

 

To determine the role of ERK phosphorylation in the morphine-induced miRNA 

expression in human primary monocytes, we used U0126 to inhibit the activation of ERK 

in primary monocytes. And then stimulated with morphine as described above. The 

pretreatment with U0126 inhibited the expression of miR-21 (Fig.27), suggesting that 

ERK phosphorylation is required for miR-21 expression. In contrast, the expression of 

miR-155, miR-29a, and miR-20b were not altered by the ERK inhibitor. 
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Figure 27. Effect of ERK Inhibitor U0126 on Morphine-induced miRNA Expression 
in Human Primary Monocytes.  
Monocytes were pretreated with U0126, or medium, and stimulated with 100nM 
morphine. The RNA was isolated, and RT-PCR was carried out to determine expression 
levels of the individual miRNA. Results are presented as the fold change relative to 
control cells which were not pretreated. We collected 11 donors for miR-21, 8 donors for 
miR-155, 6 donors for miR-29a, and 9 donors for miR-20b (* represents p<0.05). 
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Role of PKD in the morphine-induced miR-21 expression 
 

Previous report showed that PKD is highly expressed in human monocytes 

(Johannes et al., 1995), and literatual and my experimental results both indicated PKD2 is 

the major isoform of the PKD family in human monocytes (Sturany et al., 2001) (not 

shown here). Since morphine-induced miR-21 expression is dependent on ERK activity, 

we chose to examine the role of PKD in the process. We pretreated monocytes with 5uM 

pan-PKD inhibitor CID755673 for 1 hour, followed by treatment with morphine for 3 

hours. We collected the total RNA for qPCR analysis, and we found that the miR-21 

expression was upregulated 1.42 folds after 3 hours morphine treatment, and miR-21 

expression was inhibited by the CID755673 pretreatment (p=0.0014) (Fig.28).  
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Figure 28. Morphine-induced miR-21 Expression in Human Primary Monocytes is 
mediated by PKD activation.  
Monocytes were pretreated with 5uM CID755673, or medium, and stimulated with 
100nM morphine. The RNA was isolated, and RT-PCR was carried out to determine 
expression levels of the individual miRNA. Results are presented as the fold change 
relative to control cells which were not pretreated. We collected 7 donors for miR-21 (* 
represent p<0.01). 
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CHAPTER 4 

DISCUSSION 

 

Previous result from Dr. Rogers lab indicated that the MOR-activation induce 

protein kinase C phosphorylation. MOR-mediated PKCζ phosphorylation induces NF-kB 

activation, which leads the pro-inflammatory chemokines expression including 

CCL2/MCP-1, CCL5/RANTES, CXCL10/IP-10, and modulate the inflammatory 

response of human leukocytes. 

    To learn more about the signal transduction pathways induced in response to 

morphine, we used the human kinase phospho-array kit to detect the phosphorylation and 

relative protein expression of 42 kinases. We found that 22 of 42 kinases had over 2 fold 

phosphorylation in HEK-MOR cells, including p38, ERK, JNK, GSK-3α, MSK, 

AMPKα1/2, TOR, CREB, HSP27, Src, Lyn, Lck, STAT2/5a/5b/6, Fyn, Yes, FAK, PDRF 

Rβ, p70 S6 kinase, and PYK2 (Table.4). Which indicates the activation of MOR induces 

several tyrosine kinases activation, including Lck (lymphocyte-specific tyrosine kinase), 

PYK2, Src, and the Src family tyrosine kinase members Fyn and Yes. These kinases 

regulate functional processes including the MAPK/ERK pathway, CaMK activity, cell 

migration, and cell survival. Activation of MOR may also modulate cell motility through 
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FAK activation, protein synthesis by the activation of TOR, p70 S6 kinase activity, and 

phosphorylation of HSP27. MOR activation may also modulate energy balance through 

the activation of AMPK. Finally, MOR activation may activate JAK/STAT signaling 

pathways which are important for the function of the immune system.. However, when 

we compared the protein expression level with the control groups, most of these proteins 

had relatively low levels of expression, except ERK and CREB (Table.4). Because CREB 

S133 phosphorylation has been proved regulated by ERK phosphorylation, calcium flux, 

or PKA signaling pathway, therefore, we chose to focus on the mechanism of MOR-

mediated ERK phosphorylation, and the associated downstream signaling pathways. 

   The phosphorylation of ERK is triggered by Raf and MEK activation. To confirm the 

importance of Raf and MEK phosphorylation in MOR-mediated ERK phosphorylation, 

we utilized the chemical inhibitors to inhibit Raf and MEK activity. To inhibit MEK 

activity, we utilized the ERK inhibitors U0126, PD98059, and Raf inhibitor BAY 43-

9006. Both time-course and dose-dependent pretreatments of these compounds efficiently 

blocked the MOR-mediated ERK phosphorylation (Fig.13, Fig.14, PD98059 data not 

shown), and these data proved MEK and Raf are critical members of MOR-mediated 

ERK phosphorylation in our system. 

    There are several signaling pathways that induce Raf activation, including Ras-
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dependent and Ras-independent signaling pathways (Morrison, 1995). The Ras-Raf-

MEK-ERK signaling pathway is a classical signaling pathway and has been well studied. 

However, according to previous results, PKC can also directly activated Raf-MEK 

signaling pathway (Corbit et al., 2003). We utilized chemical inhibitors of Ras and PKC 

to identify the protein that regulates Raf-ERK signaling. We found the DAMGO-induced 

ERK phosphorylation is blocked by Ras inhibitor FTS pretreatment (Fig.14). To inhibit 

PKC and the upstream PLC activity, we utilized PKC inhibitor Go6983 and PLC 

inhibitor U73122. We found both inhibitors inhibit DAMGO-induced ERK 

phosphorylation (Fig.16, Fig.18). Combined with previous results, we concluded that 

DAMGO-induced ERK phosphorylation is mediated by the PLC-PKC-Ras-Raf-MEK 

signaling cascade. 

    Several reports has shown that the MOR-induced PI3K activation is indirectly 

related to Akt activation (Polakiewicz et al., 1998, Liu et al., 2010). Previous reports, 

including experimental results from the Dr. Rogers lab, reported that kinase PDK-1, 

which is required for Akt activation and multiple pathways, is activated by MOR 

(Vanhaesebroeck and Alessi, 2000, Song et al., 2011). This implied that MOR activation 

may regulate ERK phosphorylation through the PI3K/Akt signaling pathway. Therefore, 

we used two chemical PI3K inhibitors, Wortmannin and LY294002, to assess the role of 
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PI3K in the activation of ERK. However, our results did not prove that PI3K inhibitors 

alter MOR-mediated ERK phosphorylation (Fig.17). These observations more consistent 

with the results from the kinase phospho-array analysis (Fig.12A/B). 

    MOR is a receptor coupled with Gαi and the function of Gαi/o is to inhibit the 

activation of adenylyl cyclase, and induce phospholipase C (PLC) signaling (Sunahara et 

al., 1996). This typically negatively regulates the PKA signaling pathway, and one would 

not expect PKA inhibitors would affect the MOR-mediated signaling pathway. But 

interestingly, our data shows that the PKA inhibitor H-89, at a high dose (50uM), 

inhibited ERK phosphorylation in HEK-MOR cells (Fig.20). Previous report indicated 

that H-89 is not only a PKA inhibitor, but also inhibits PKD with high dose (60uM) 

treatment (Johannes et al., 1995). PKD has been shown to regulate VEGF-induced, 

PLC/PKC-mediated ERK phosphorylation in epithelial cells (Wong and Jin, 2005), and 

this suggests that PKD may be involved in MOR-mediated ERK phosphorylation. In fact, 

our results show that MOR activation results in the phosphorylation of PKCmu/PKD1 at 

S916 (Fig.20, Fig.21). To further confirm the relationship between MOR-mediated 

PKCmu/PKD1 phosphorylation and ERK activation, we employed the pan-PKD 

chemical inhibitor CID755673 to assess its effect on DAMGO-induced ERK 

phosphorylation. The data show that CID755673 reduced DAMGO-induced both 
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PKCmu/PKD1 and ERK phosphorylation (Fig.21, Fig.22), we believe this is the first 

report showing that MOR-induced activation of ERK through a PKCmu/PKD1-

dependent pathway. However, the expression patterns of phospho-ERK and phospho-

PKD S916 are slightly different, which implies other effectors or mechanism may be 

involved in MOR-mediated PKD phosphorylation. 

PKCmu/PKD1 can be activated through either PKC-dependent or PKC-independent 

signaling pathways. Previous reports on PKCmu/PKD1 activation shown that 

PKCepsilon or PKCeta (Brandlin et al., 2002, Rey et al., 2004) can phosphorylate the 

Ser744/748 site on the PKCmu/PKD1 kinase domain, which triggers conformational 

change of PKCmu/PKD1, induces PKCmu/PKD1 S916 auto-phosphorylation, and 

activation of PKCmu/PKD1 (Rozengurt, 2011). A recent report showed morphine 

treatment mediated PKCepsilon phosphorylation and promote pro-inflammatory 

cytokines IL-1β and IL-6 release in mice microglial cells (Merighi et al., 2013), strongly 

imply the correlation between MOR-mediated PKCepsilon activation and PKD 

phosphorylation. Unfortunately, we did not observe   the PKCepsilon pseudo-substrate 

inhibition of morphine-induced ERK phosphorylation (data not shown). However, results 

from the pan-PKC inhibitor PKC412 pretreatment implied PKCeta may play a role in 

DAMGO-induced PKD phosphorylation (data not shown). Further work is needed to 
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determine whether additional PKC family members are involved in MOR-mediated PKD 

phosphorylation. 

Interestingly, other groups also reported that PKCmu/PKD1 can be phosphorylated 

at S916 without phosphorylation at S744/748 in BMP-2 treated osteoblastic cells 

(Lemonnier et al., 2004), and it suggested a PKC-independent mechanism for 

PKCmu/PKD1 phosphorylation. In fact, PKCmu/PKD1 can be regulated by several PKC-

independent process. For example, Gβγ has been reported to directly mediate 

PKCmu/PKD1 phosphorylation (Jamora et al., 1999), Caspase has been shown to cleave 

PKCmu/PKD1 to release and activate the kinase domain (Endo et al., 2000), and finally 

14-3-3 proteins negatively regulated PKD activity (Hausser et al., 1999). However, in our 

stories the PKC inhibitor Go6983 blocked MOR-induced ERK phosphorylation, which 

suggests that PKC may involve in MOR-mediated ERK phosphorylation.  

Recent research identified a novel GPCR-PLC-PKC-PKD signaling pathway to 

regulate chemotaxis and cytoskeleton formation in neutrophils (Xu et al., 2015), which is 

consistent with our finding of MOR-mediated PKD phosphorylation. According to the 

report, human fMLP receptor, a Gαi-coupled GPCR, activates PKD through a Gβγ 

subunit-PLC-PKC signaling pathway, to phosphorylate SSH2 and Cofilin activity in 

neutrophils. We also found 100nM morphine treatment down-regulates Cofilin 
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phosphorylation in HEK-MOR cells, but this needs more investigation (data not shown). 

We have not clarified how PKD induces Ras activation in our experiments. 

According to previous research, ERK phosphorylation is one of the major effects of PKD 

activation (Rozengurt, 2011). Previous study of PKCmu/PKD1 showed that 

PKCmu/PKD1 regulated the phosphorylation of Ras and Rab interactor1 (RIN1)-Ras 

binding through 14-3-3 proteins (Wang et al., 2002), to active Ras signaling. PKD1 

phosphorylated RIN1 at Ser351, induced the formation of a cytosolic complex with a 14-

3-3 protein, and released Ras to initiate the downstream Raf/MEK signaling pathway. 

This suggests that the mechanism of Ras activation involves the direct participation of 

PKCmu/PKD1 (Fig.14). 

Based on our results, we propose that MOR-mediated ERK phosphorylation is (at 

least partially) mediated through PKCmu/PKD1 phosphorylation. PKD has 3 family 

members, designated PKD1/2/3, and each of them has high homology but differential 

distribution in many tissues (Valverde et al., 1994, Hayashi et al., 1999, Sturany et al., 

2001). PKD2 is the dominant form in human leukocytes (Sturany et al., 2001), and our 

results indicate PKD2, but not PKD1, is the dominant form in human primary monocytes 

(Data not shown). Furthermore, we propose that miR-21 expression is regulated by 

MOR-mediated PKD2/ERK activation in human primary monocytes. 
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We also propose the mechanism of MOR-mediated ERK phosphorylation described 

in Figure 29 based on our experimental findings. We propose that DAMGO/morphine 

administration activates MOR to initiate downstream signaling, through PLC to activate 

PKC, further the activated PKC induces PKD phosphorylation and triggers a 

Ras/Raf/MEK cascade to induce ERK phosphorylation in both HEK-MOR cells and 

human primary monocytes. 
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Figure 29. Proposed Mechanism of PKD in MOR-mediated ERK Phosphorylation 
and miRNA Expression. 
We proposed that DAMGO/morphine administration activated the MOR and initiated 
down-stream signaling pathways. The ligand-MOR binding induced miR-155, miR-29a, 
and miR-20b expression, also activated the Gβγ subunit to induce PLC activation and 
PKC phosphorylation, induced PKCmu/PKD1 or PKD2 S916 phosphorylation, and 
induced Ras/Raf/MEK signaling pathway, ERK phosphorylation and activated 
downstream transcriptional factors to induce miR-21 expression in human primary 
monocytes. 
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    Recent reports have shown that opiate treatment alters the miRNA expression of 

both anti-HIV miRNAs, and immune response-related miRNAs (Wang et al., 2011, 

Hwang et al., 2012, Purohit et al., 2012, Chen et al., 2013, Raisch et al., 2013). We 

employed microarray analysis to identify differentially expressed miRNA following 

morphine administration. After miRNA microarray analysis, we found that 1114 miRNAs 

were upregulated more than 40%, and 983 miRNAs were downregulated more that 30% 

after 100nM morphine treatment (Fig.25). We then selected 4 anti-HIV miRNAs, 5 

monocyte-function related miRNAs, and 4 miRNAs which have both a relatively high 

level of expression and are up-regulated with morphine treatment, for further 

investigation. We collected RNA samples from 42 donors and identified the miRNA 

expression by qPCR after opioid treatments. We found 100nM morphine treatment 

upregulates the expression level of miR-125b, miR-382, miR-21, miR-155, miR-29a, and 

miR-20b, about 1.5-2 fold increase in human primary monocytes (Table.6). We also 

found that miR-21 expression is regulated by ERK phosphorylation, but not miR-155, 

miR-29a, and miR-20b (Fig.27) in human monocytes. miR-21 widely distributes in solid 

tissue and leukocytes and has multiple functions (Sheedy, 2015). miR-21 targets the pro-

inflammatory protein PDCD4 to negatively regulate TLR4 in mouse macrophages 

(Sheedy et al., 2010), miR-21 expression induces pro-inflammatory cytokine IFN- γ and 



124  

IL-17A expression (Ando et al., 2013), and miR-21 expression is involved in the 

maturation of leukocytes (Lu et al., 2005, Wu et al., 2007), most notably the 

differentiation of monocytes, neutrophils, and dendritic cells. (Kasashima et al., 2004, 

Hashimi et al., 2009, Lu et al., 2009, Cekaite et al., 2010, Sheedy et al., 2010). 

We attempted to utilize the HEK-MOR cells for our studies on MOR-induced 

miRNA expression, even if miR-21 expression is extremely low in HEK cells (Ribas et 

al., 2012). Unfortunately we failed to detect the most of the miRNAs, especially miR-21, 

in the HEK-MOR cells by qPCR (data not shown). We then tried to deliver a 3xHA tag 

MOR-expression vector to the monocyte-like cell line HL-60, U937, and Monomac1 by 

electroporation. The transfection efficiency was good, from 50% to 15%, by Flow 

cytometry analysis (data not shown). However, after electrophoresis, these cells were fail 

to survive more than 2 weeks (data not shown). We also tried to use the lung tumor cell 

lines which express MOR, including H69, H322m and Caco2. However, in these cell 

lines, ERK is not phosphorylated after DAMGO treatment or constantly phosphorylated 

with no treatment. Additional signaling studies would benefit from having a 

monocyte/macrophage-like cell model system for future experiments. 

 In our experiments results, we found pan-PKD inhibitor CID755673 pretreatment 

almost completely shut down morphine-induced miR-21 expression in human primary 
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monocytes (Fig.28), the inhibitory effect is better than ERK inhibitor U0126. This 

revealed the possibility of PKD-mediated miR-21 upregulation in human primary 

monocytes may go through other signaling pathways. Bbased on previous reports, 

DAMGO induces NF-kB activation in human PBMCs and primary monocytes (Happel et 

al., 2011), PKD activates NF-kB (Rozengurt, 2011), and NF-kB has been reported to 

induce miR-21 expression (Niu et al., 2012). These results may suggest that NF-kB may 

also regulate miR-21 expression in human primary monocytes. Another possibility is that 

ERK-induced CREB activation, a transcription factor we found is significantly up-

regulated by MOR activation (Fig.12A), may participate in miR-21 expression. Indeed, a 

previous report showed that CREB is able to bind the miR-21 promoter to induce miR-21 

expression (Polytarchou et al., 2011). Previous studies also indicated that STAT3 

activation is required for miR-21 expression (Niu et al., 2012). Previous results from our 

laboratory indicated that DAMGO treatment of PBMCs results in significant activation of 

the AP-1 transcription factor (C. Happel, Unpublished). Other investigators also reported 

that MOR activation induces AP-1 and CREB upregulation and activation in neuronal 

cells (Bilecki et al., 2004). AP-1 has been found to be regulated by multiple signaling 

pathways including those mediated by PKC and Ras (Macian et al., 2001). AP-1 regulates 

several immunologically relevant genes including IL-2, IL-4, IFN-γ, and several miRNAs 
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(Jain et al., 1992, Macian et al., 2001, Thomsen et al., 2013, Kappelmann et al., 2014). 

One of the best characterized examples of AP-1-induced miRNA expression is miR-21 

expression in leukocytes, where active AP-1 directly binds to the miR-21 promoter, to 

increase miR-21 transcription (Fujita et al., 2008). However, binding sites for all of these 

transcription factors, including AP-1, NFκB, CREB, and STAT3, have been found on the 

miR-21 promoter (Fig.30). Combined with our results, we suggested the possibility that 

the mechanism of miR-21 upregulation after morphine treatment in human primary 

monocyte is through an MOR-PLC-PKD-Ras/Raf/ERK signaling pathway (Fig.29). 

 

 

 
Figure 30. Putative miR-21 Promoter Structure 
The miR-21 hairpin is located on chromosome 17q23.1, immediately downstream of 
TMEM49 gene exon 11 and exon 12. There are several transcription factor binding sites 
on the miR-21 promoter. According to literature, NF-κB and STAT3 activation modulate 
the miR-21 expression after DNA damage (Krichevsky and Gabriely, 2009, Niu et al., 
2012). CREB had been proved to bind miR-21 promoter, induce miR-21 expression to 
promote the resistance to hypoxia (Polytarchou et al., 2011), AP-1 binding sites had also 
been found in the promoter region of miR-21 (Ribas et al., 2012, Stik et al., 2013). 
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    In our experiments, we found miR-21 expression was upregulated more than two-

fold, 3 hours after morphine treatment. Based on previous research, miR-21 expression is 

regulated in response to several stimuli in monocytes, macrophages, or dendritic cells, 

and miR-21 regulates several inflammatory functions. Recent studies show a 2.3 to 3.4 

fold increase in miR-21 expression in dendritic cells leads to a 20% reduction of JAG1 

and WNT1 mRNA expression in GM-CSF- and IL-4 (Hashimi et al., 2009). Additionally, 

PMA treatment induced a 6.3 fold increase of miR-21 expression in the monocyte-like 

cell HL-60 (Kasashima et al., 2004), and suggested the importance in monocytic 

differentiation of HL-60. In addition, miR-21 overexpression in monocytes 

downregulated TLR-2-induced IL-1β mRNA and protein expression by 0.5 fold, 

CYP27B1 mRNA expression by 0.6 fold, CAMP and DEFB4A mRNA by 0.3 fold, and 

upregulates TLR-2-induced anti-inflammatory IL-10 mRNA expression by 2-fold (Liu et 

al., 2012). LPS treatment induced a 6-fold upregulation of miR-21 in murine 

macrophage-like cell line RAW264.7, and induced a 3-fold upregulation of miR-21 in 

human PBMCs (Sheedy et al., 2010). Sheedy et al. (2010) also reported that this LPS-

induced 10-fold upregulation of miR-21 expression resulted in a 50% increase in IL-10 

expression, and a 40% reduction in PDCD4 expression in RAW264.7 cells. Feng et al. 

(2014) also reported a 3-fold increase in miR-21 expression in human macrophages 
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following LPS treatment, and this resulted in a 40% reduction in IL-6 protein expression, 

and a 300% upregulation of IL-10 protein expression. Moreover, previous studies had 

shown that. Moreover, a 4-fold upregulation of miR-21 by transfection of human 

dendritic cells resulted in a 50% downregulation of CCR7 expression (Al Akoum et al., 

2015). Finally, miR-21 had also been shown to target the metalloproteinase inhibitors 

RECK and TIMP3 which to regulate matrix metalloproteinase expression in glioblastoma 

and breast cancer cells (Gabriely et al., 2008, Song et al., 2010). In addition, in primary 

hepatocellular carcinoma cells, miR-21 expression was upregulated more than 2 fold in 

14 of 20 clinical samples. In hepatocellular carcinoma cell lines miR-21 was shown to 

directly target the 3’UTR of PTEN mRNA, and an inhibitor of miR-21 upregulated PTEN 

mRNA expression by 2-3 fold. (Meng et al., 2007) 

The MOR-induced upregulation mechanisms and effects of other miRNAs including 

miR-155, miR-29a, and miR-20b in human primary monocytes still largely remains 

uncertain. The expression of miR-155 results in downregulation of inflammation inhibitor 

SHIP-1, to increase pro-inflammatory cytokine expression (Kurowska-Stolarska et al., 

2011). miR-29a has been report to regulate expression of IFN-γ (Ma et al., 2011). miR-

20b is a family member of the mir-17-92 clusters, also known as oncomiR-1, which has 

16 family members and homologues (Olive et al., 2010), promotes inflammation and 
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regulates monocyte-macrophage differentiation (Poitz et al., 2013, Liu et al., 2014). In the 

array analysis result, we found miRNA expression level were upregulated after 100nM 

morphine treatment in 9 of 16 miR-17/92 cluster and homologues (Fig.24). And there are 

several miRNAs which deserve further analysis based on our microarray analysis results, 

including miR-146a/b, and miR-30b-5p. Those future studies will indicate additional 

functions of activated mu-opioid receptors in leukocytes.  

Because both MOR and PKD are highly expressed in neuronal cells, we believe our 

results also have several important implications for opioid-mediated signaling 

transduction in the nervous system. According to previous research, PKD plays an 

important physiological role in pain modulation, neuronal polarity, neuroprotection, and 

the modulation of the learning process (Li and Wang, 2014). Furthermore, 

pharmacological inhibition of PKD1 induces apoptosis in neuronal cells, which suggests 

that the PKD1-mediated signaling pathway provides a neuroprotective strategy for the 

treatment of Parkinson’s disease (Asaithambi et al., 2014). However, further studies are 

required to test these hypotheses. 

    We have attempted to understand the molecular basis of the opiate-induced mu-

opioid receptor signaling, and the regulation of miRNA expression. We are the first to 

show that between MOR activation induces PKD phosphorylation, and to report that the 



130  

MOR-induced ERK phosphorylation is mediated through a PLC-PKD-Ras/Raf/MEK-

ERK signaling pathway. We are the first to show that morphine treatment induces miR-

21, miR-155, miR-29a, and miR-20b expression in human primary monocytes, and that 

morphine-induced miR-21 expression is regulated by ERK and PKD phosphorylation. 

Our data suggests MOR activation not only induces inflammatory-related cytokines and 

chemokines, but also regulates the inflammatory response by regulating miRNA 

expression. However, many questions remain, and further research will be necessary to 

clarify the effects of opioids on leukocytes and how opioids regulate the inflammatory 

response. 
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Conclusions 

1. DAMGO/morphine treatment induces ERK phosphorylation in HEK-MOR cells and 

human primary monocytes. 

2. We are the first to show that DAMGO treatment-induces activation of PKCmu/PKD1 

phosphorylation in HEK-MOR cells. 

3. The activation of ERK is dependent on PKCmu/PKD1 

4. Morphine administration alters miRNA expression in human primary monocytes. 

5. We are the first to show that morphine treatment induces miR-21, miR-155, miR-29a, 

and miR-20b up-regulation in human primary monocytes. 

6. We are the first to show that morphine-induced miR-21 expression in human primary 

monocytes is dependent on ERK activation. 

7. We are the first to show that morphine-induced miR-21 expression in human primary 

monocyte is dependent on PKD. 
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APPENDIX: 
3xHA MOR VECTOR, ADDITIONAL PKD INHIBITOR, ERK INHIBITOR, AND 

CELL LINE TEST. 
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Figure 31. GFP and 3xHA Tag MOR-expression Vector Transfection and Expression 
in HL-60 Cells. 
1x106 cells seeded in each well of the 6-well plates and transfected with 3xHA MOR-
pCDNA 3.0 (MOR-expression vector) or pGFPmax (control vector) by electrophoresis. 
The cells were collected and detected the 3xHA tag expression on cell surface by FACS. 
We found 15% HL-60 cell expressed the 3xHA tag MOR on the surface two days after 
transfection. 
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Figure 32. PKC/PKD Inhibitor Go6976 Inhibited the DAMGO-induced ERK 
Phosphorylation in HEK-MOR Cells.  
HEK-MOR cells were pre-treated for 1 hour with the PKC/PKD inhibitor Go6976 at 0 
(Lane 2), 0.3uM (Lane 3), 3uM (Lane 4), 30uM (Lane 5), followed by treatment with 
100nM DAMGO for 15 mins. Alternatively, cells were pretreated with 30uM Go6976 for 
3hr (Lane 6), 1hr (Lane 7), or 0.5hr (Lane 8), followed by treatment with 100nM 
DAMGO for 15mins. Cells were also untreated (Lane 1), or treated with 40nM PMA for 
15mins (Lane 9). Total cell lysate was then subjected to western blot analysis using 
antibodies for total ERK and phospho-ERK (Tyr 204).  
 
The EC50 of Go6976 is 3uM for PKCα/β, 10uM for PKD, J Biol Chem. 2004 Jan 
2;279(1):259-64. 
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Figure 33. MEK Inhibitor PD 98059 Inhibited the DAMGO-induced ERK 
Phosphorylation in HEK-MOR Cells.  
HEK-MOR cells were pre-treated for 1 hour with the MEK inhibitor PD 98059 at 0 (Lane 
2), 100uM (Lane 3), 20uM (Lane 4), 5uM (Lane 5), followed by treatment with 100nM 
DAMGO for 15 mins. Alternatively, cells were pretreated with 20uM PD 98059 for 0.5hr 
(Lane 6), 1hr (Lane 7), or 3hr (Lane 8), followed by treatment with 100nM DAMGO for 
15mins. Cells were also untreated (Lane 1), or treated with 40nM PMA for 15mins (Lane 
9). Total cell lysate was then subjected to western blot analysis using antibodies for total 
ERK and phospho-ERK (Tyr 204).  
 
The EC50 of PD 98059 is 4uM for MEK1, 50uM for MEK2, Science. 1992 Oct 
16;258(5081):478-80. 
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Figure 34. DAMGO Did Not Induce ERK Phosphorylation in H69, H322M, and 
Caco2 Cells.  
HEK-MOR, H69, H322M, and Caco2 cells were also untreated (Lane 1), 15mins 
DAMGO treatment (Lane 2), or treated with 40nM PMA for 15mins (Lane 3). Total cell 
lysate was then subjected to western blot analysis using antibodies for total ERK, 
phospho-ERK (Tyr 204), and GAPDH.  
 


