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A bstract 

P-Glycoprotein (PGPlmdrl) play an important role in the distribution and elimination of 

many chemotherapeutic agents. Altered dmg disposition in disease States and cancer may 

be due to changes in PGPlmdrl transporter expression. Previous results from our 

laboratory demonstrated a down-regulation in hepatic PGP expression and activity during 

acute inflammation in rats. We therefore examined the effect of various inflamrnatory 

cytokines on PGPlmdrl regulation in cultured rat hepatocytes. Interleukin (IL-) 6 was 

found to decrease mdrl mRNA expression via decreased mdrl gene transcription, but not 

altered &NA stability. Experiments in turpentine-treated rats confirmed that 

inflammation also caused decreased mdrl mRNA Ievels and nidrl transcription. IL- 1 p, 

on the other hand, decreased PGP protein expression, without affecting RNA levels, 

suggesting its action on protein stability or synthesis. We conclude that these cytokines 

may play roles in the regulation of PGP during acute inflammation. with IL-6 most 

responsible for the transcriptional effects on the mdrl genes. 
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1. INTRODUCTION 

Note: Parts of Section 1.4 of this Introduction have been published in the 
following review: Sukhai, M. and Piquette-Miller, M. (2000) Regulation of 
the multidrug resistance genes by stress signals. J Pham P h a m  Sci 3:268- 
80. 



1. Introduction 

Dmg transporters play a large role in the distribution and elimination of many clinically 

important therapeutic agents. P-Glycoprotein (PGP) is a 170 kDa ATP-dependent 

membrane-bound transporier. Over the p s t  25 years, PGP has become the subject of 

intense research. Fintly, because of its importance in the absorption and elimination of 

dmgs in the body, and secondly, because of its role in multidrug resistant cancers in 

humans. PGP is known to confer resistance to a variety of structurally unrelated clinically 

important cytotoxic dmgs (Childs and Ling, 1994; Fardel et al, 1996), including many 

antineoplastic agents, in a phenomenon known as multidrug resistance (MDR). 

Understanding the regulation of PGP, and the genes that code for it, is the fint step 

towards improving the therapeutic efficacy for a number of clinically relevant dmgs. 

Thus, in recent years, with the advent of specialized molecular biology techniques. the 

elucidation of the genetics of PGP regulation has become a focus of research. 

1.1 P-Glycoprotein: An overview 

It is well known that some cancers (of the liver, for example) are resistant to treatment by 

chemotherapy. Overexpression of PGP has k e n  implicated as a prirnary mechanism of 

tumor dmg resistance in cancer cells (Riordan et ai, 1985; Shen et al, L986), particularly 

in tumors arising from tissues normally expressing PGP ("intrinsic drug resistance," 

Goldstein. 1996). PGP expons a wide array of dmgs out of cells, thereby reducing 

intracelluar drug concentrations. The mechanism by which PGP transports dmgs is still 

unknown. however, it is thought that PGP acts as a "flippase" in the membrane of the 

cell. PGP is a rnember of the ATP-Binding Cassette farnily of proteins, a superfarnily of 



related proteins which share sequence homology (Childs & Ling, 1994). Mernbers of this 

family include the MDR gene products, the closely related bile salt transporter sister of 

PGP (spgp), the cystic fibrosis transconductance regulator, and multidrug resistance- 

assuciated proteins (MW) (Childs and Ling, 1994; Fardel et al, 1996; Germann, 1996). 

Indeed, it is thought that the mannalian PGPs are related to bacterial transport pumps, 

suggested that PGP is descended from these "ancestral" transporters (Chen et al. 1986: 

Gros et al, 1986). 

PGP is a member of the multidnig resistance gene fmily, which includes MDR I and 

MDR3 in humans, and mdrla. mdrl b, mdr2 and spgp in rodents. However, only mdrl 

(mdrla and mdrlb) codes for the MDR phenotype of dmg efflux; mdrZ encodes a 

phospholipid transporter (Srnit et al, 1993) and spgp is a bile salt transporter (Vos et al, 

1998). These gene products share a protein structure comprising of 12 transmembnne 

domains and 2 APT-binding sites (Raymond and Gros, 1989). The N-termainal and C- 

terminal halves of PGP share regions of homology. suggesting that the current genes are 

a result of an interna1 duplication of an ancestral gene (Raymond and Gros, 1989). 

While antineoplastic agents are an important subset of PGP substrate, they are not the 

only class of drugs that are transported by this effiux pump. A variety of therapeutically 

and chemically diverse dmgs are also transported by PGP (for example, the 

irnrnunosuppressant ~yclo~ponn A, the antihypertensive agent venpamil, and the 

transcriptional inhi bitor actinomycin D). 



The physiological relevance of PGP. PGP is normally expressed in the apical membrane 

of the intestine, kidney, liver, bloodlbrain bamer as well as being highly expressed in the 

adrenal glands (Lum & Gosland, 1995). as well as tumors arising from these tissues 

(Goldstein, 1996). As mentioned above, mdr2 is known to be phospholipid transporter, 

and mdr2 (-1-) knockout mice suffer from impaired phospholipid transport into the bile 

and eventual death (Schinkel, 1997). The physiological function of the mdr l  gene 

products is as yet unknown, though they are thought to play a role in thz protection of 

organisms against toxic xenobiotics. Studies in mdrla (4) knockout mice have 

demonstrated increased scnsitivity to, as well as increased blood and brain concentrations 

of several xenobiotics, including invermectin, vinblastine and digoxin (Borst & Schinkel, 

1996, 1997). PGP expression seems to limit dmg transport across the bloodlbrain barrier: 

20-50 fold higher levels of digoxin and cyclosporin A in brain tissues have been reported 

in mdrla (-/-) knockout mice (Schinkel et al, 1995). As reviewed elsewhere (Schinkel, 

1997: Wein and Gupta, 1996), it is thought that, in addition to a possible role in the 

protection of cells from natural toxins, PGP may also play a role in the secretion of 

certain steroid hormones, cytokines and growth factors. 

Our understanding of mechanisms of physiological regdation of PGP is important in 

order to understand the variability of drug disposition dunng disease States. The 

delineation of these regulatory pathways cm lead to insights into the prediction and 

control of the expression and activity of the mdrl gene products, which one day may lead 

to better treatment regimens for drugs transponed by PGP. 



1.2 Inflamrnatory effects on drug disposition and metaboüsm 

Conditions of inflammation can alter the disposition of dmgs in a patient. For example, 

chronic inflammatory diseases (e.g., Crohn's disease, rheumatoid arthritis) are associated 

with increased plasma concentrations of nurnerous dmgs (Schneider et al, 1976; Kendall 

et al, 1979). Acute inflammation in response to bactenal and viral infection also results in 

similady-altered dmg disposition (Kendall et al, 1979). The classical example is a 

drarnatic reduction in theophylline rnetabolisrn and elirnination in patients with influenza 

(Kraemer et al, 1982). 

One of the principle mechanisms by which inflarnmatory conditions alter dnig 

disposition is through changes in the hepatic production of numerous plasma proteins and 

the cytochrome P450 (CYP) drug metabolizing enzymes. Indeed. several inflarnmatory 

mediaton have been shown to alter CYP gene expression at the level of transcription 

(Pous et al, 1990; Ansher et al, 1992). However, it is possible that changes in dnig 

transport proteins could also contribute to changes in drug disposition. Few studies have 

examined this to date. It is known that the CYP and PGP gene farnilies share many 

substrates, inducers and inhibitors (Wacher et al, 1995); indeed. rifarnpicin, 

tnacetyloleandomycin, pregnenolone, 16a-carbonitrile and dexarnathesone are known to 

be inducen of both PGP and CYP 3A expression in rats (Salphati & Benet. 1998). Thus it 

is possible that inflarnmatory mediators could also alter PGP expression. 

Downregulation of PGP and mdrl mRNA expression in animal models of acute 

inflammation was first dernonstrated by Our laboratory (Piquette-Miller et al, 1998). It is 



therefore likely that downregulation of PGP during acute inflammation could also 

contribute to altered dmg disposition in disease States. As animal models of acute 

inflammation are associated with the release of pro-inflammatory cytokines, we feel that 

these cytokines may be involved in this down-regulation of PGP. Therefore, this project 

is aimed at understanding the mediators and mechanisms responsible for the observed 

decrease of PGP expression duririg inflammation. 

1.3 The infiammatory mediators 

Overview of the pro-inflammatory cytokines. A variety of immunological agents mediate 

the acute in flarnmatory response (AI). In particular, several cytokines. w hich are termed 

the pro-inflarnmatory cytokines, are released at various times during an Ai. These 

cytokines can be classified into three distinct families based on the signal transduction 

pathways they trigger: the Interleukin (IL-) 6 farnily (including IL-6. IL-1 1. leukemia 

inhibitory factor Lm and Oncostatin M); the IL- 1 family (including IL- 1 p. tumor 

necrosis factor [TNF] a); and the transforming growth factor (TGn-b farnily. Briefly, 

IL-6 and its related cytokines activate the transcription factors NF-IL-6 (CEBPP) and 

APEW, while the IL- 1B-like cytokines cm activate either NF-KB or NF-IL-6 and TGF-P 

activated the Smad CO-transcription factors. 

Transcription Factors involved in cytokine signaling. Four transcription factors are 

recognized to be involved in the response pathways triggered by the pro-inflammatory 

cytokines. Activating protein (AP-1) is a dimeric transcription factor consisting of the c- 

jun and c-fos proto-oncogene p n e  products (Hesketh. 1994: Hunter and Karin, 1992). 



AP-1 is rapidly induced by a variety of stress signals, including cytokines. phorbol esters, 

growth factors and the CAMP second messengers (Edwards, 1994). AP-I binds to the 

consensus sequence TGAGICTCA in DNA (Kouzarides and Ziff, 1988). NF-KB is a 

class of stmcturally and functionally related signaling/transcnption proteins involved in 

the regulation of a wide variety of genes via their binding to consensus decarneric 

sequences (Edwards, 1994. Baeuerle. 199 1. Grilli et al, 1993, Blank et al. 1992). 

Members of this family include RelA, c-Rel. N F - e l ,  NF-KB? and RelB. These can al1 

interact to form homo- or heterodirners of varying specificities. NF-KB is usually 

inactivated, sequestered in the cytoplasm and complexed with the IKB inhibitor (Beg et 

al. 1993), which blocks the nuclear localization signal on NF-KB (Beg et al. 1992). Stress 

signais activate NF-KB by triggering its dissociation from the inhibitor protein. 

Transduction of the appropriate signal into the ce11 results in phosphorylation and 

subsequent degradation of IKB, freeing NF-KB for nuclear localization (Baeuerle, 199 1. 

Grilli et al, 1993). Nuclear Factor-Interleukin-6 (NF-IL-6) is homologous to the 

CCAATlEnhancer Binding Protein (CIEBP) transcription factor family, and has thus 

been termed ClEBPp (Akira et al, 1990. Poli et al, 1990). NF-IL-6 is undetectable in 

unstimulated cells, but upon receipt of the signal its levels are rapidly elevated. NF-IL-6 

can also interact with CIEBPct (Kinoshita et al, 1992) and NF-& (Le Clare et al, 1992), 

thus enabling control of the transcription of a wider range of genes. Lastiy, the acute 

phase response factor (APRF) can be directly phosphoryiated by a Janus kinase (JAK) 

upon activation of the receptors for L-6 like cytokines. 



The IL-6 Family. IL-6 is the principle mediator responsible for inflammation-induced 

changes in acute phase protein production. It is produced by macrophages and monocytes 

at the site of inflammation during the initial stages of AI, and has its most important 

effects on B cells and hepatocytes (Cohen and Cohen, 1996, Ramadori and Christ, 1999). 

It is responsible for the induction of the acute phase proteins in the liver. This class of 

proteins is induced or repressed dunng an AI and canies the recognition sequences for 

NF-IL-6 or APRF (e.g., antiproteinases, and fibrinogen; Roitt et al, 1998). Additional 

roles for IL-6 outside of Ai inchde the stimulation of terminal differentiation and 

immunoglobin secretion of B cells; and serving as a growth factor for Btell lines (Le 

and Vilcek, 1989, Somers et al, 1997, Kishimoto et al, 1992, Van Snick, 1990). 

The IL-6 family of cytokines is characterized by a unique signal transduction cascade that 

is initiated by cytokine binding to the IL-6 receptor (IL-6R). These receptots consist of 

two subunits: the a (ligand-binding) domain, and the (transducing) domain, commonly 

known as gp130 (Taga et al, 1989, Hibi et al. 1990). Signal transduction requires a 

complex of six molecules to form: two cytokine molecules, and two molecules each of 

both subunits of the receptor (Ward et al, 1994). Formation of this complex activates the 

JAK tyrosine kinases, which in tum activate and initiate MAP kinase cascades which 

induce NF-IL-6. NF-IL-6 induction is primaily responsible for the IL-6-mediated 

regulation of acute phase proteins during an inilammatory response. It is worthwhile to 

note that these M M  kinase cascades may also serve to activate AP-1 under stress 

conditions (Raingeaud et al, 1995). Also, JAK may directly phosphorylate APRF (also 

known as STAT3) of its own accord (Kishimoto et al, 1995, nile and Kerr, 1995, Akira et 



al, 1994, Lutticken et al, 1994, Zhong et al, 1994). The phosphorylated fonn of APRF 

translocates to the nucleus, where it recognizes its specific response elements (among 

them the hexanucleotide motif CTGGGAITCCCAG). For reviews of this signal 

transduction process, please see Kishimoto, 1994; Kyriakis et al. 1994; Moshage, 1997; 

Raingeaud et al, 1995; see also Figure 1.1. 

Members of the IL-6 farnily of cytokines include IL-6, LIF, Oncostatin-M and IL-1 1. In 

vitro, LiF produces responses most similar to those produced by IL-6 (Meager, 1998). 

Other members of the IL-6 family produce effects sirnilar to, but substantially weaker 

than, those produced by IL-6. LIF serves to trigger the proliferation of murine embryonic 

stem cells, as an inducer of myeloid cell differentiation. and as a stimulator of the 

cholnergic function of neurons (Hilton, 1993. Van Vlasselaer, 1992, Metcalf. 1993). In 

addition, LIF also inhibits the growth of leukemic ce11 lines by inducing terminal 

differentiation (Tomida et al, 1983, Hilton et al, 1988). It inhibits the differentiation of 

totipotent embryonic stem cells, stimulates osteoblast function. inhibits adipocyte 

lipoprotein lipase activity, and is capable of eliciting an acute phase response in vitro 

(though this last activity is undetectable in vivo). 

n ie  IL-I Famify IL-1 is a macrophage product (Cohen and Cohen, 1996). and is a key 

mediator of the host response to inflammation (Faggioni et al, 1998). IL-1 is known to 

activate T cells, induce growth factors and inflammatory mediators. synergize with 

inflammatory growth factors, induce fever, and have multiple additionai effects on 

lymphoid and non-haematopoietic cells (Dinarello 1989. 199 1, 1996). Briefly, the IL- 1 



cytokines (a or p) activate the IL-1 receptor (IL-IR). Since IL-IR does not have an 

intrinsic kinase activity associated with it (Dinarello, 1996. Sims et al. 1993. 1994). it 

associates with the cytoplasmic kinase IRAK. which in turn activates the TRAF6 kinase. 

which activates NF-KB. TNF cytokines act through the 'DE receptor (TNFR) to activate 

the TRAFl/TRAF2 complex. This complex triggers a MAP kinase cascade which 

phosphorylates NF-KB (Cleveland and Ihle, 1995, Liu et al, 1996, Wiegmann et al, 1994. 

Cao et al, 1996. Malinin et ai, 1997). Additionally. MAPK cascades triggered by the IL- 1 

farnily of cytokines (Figure 1.1) can also activate the AP-1 and NF-IL-6 transcription 

factors. 

In addition, it is thought that signaling through the sphingomyelinase/ceramide pathway 

may play a role in the IL-1 and TNF response and activatoin of NF-KB. Membrane 

sphingomyelin can be cleaved by acidic or neutral sphingomyelinases in order to produce 

ceramide. which serves as a secocd messenger molecule in the ce11 (Kuno and 

Matsushima, 1994). It is also thought that the acidic and neutral sphingomyelinases act 

through distinct pathways: ligandlreceptor intemalization of the IL- 1RIIL- 1 complex. 

acidic sphinogmyelinase activity and NF-KB activatoin and translocation to the nucleus 

appear to require activity of the IL-IR accessory protein, while neutnl sphingomyelinase 

activity does not (Hofmeister et al. 1997). Indeed, acidic sphingornyelinase activity is 

linked to ligandlreceptor intemalization mediated by the IL-IR accessory protein 

(Hofrneister et al, 1997). The sphingomyelinase/cenmide pathway has been implicated in 

the regulation of various acute phase proieins by IL- 1 P. For example, CYP 2C 1 1 down- 

regulation and al-acid glycoprotein induction caused by IL-1f5 treatment are at least in 



part due to the involvement of the sphingomyelinaselceramide cascade (Chen et al. 

1995). Similarly, C-reactive protein and serum amyloid A are known to be CO-ordinately 

induced by both IL-6 and IL-lp, and it is likely that the sphingornyelinaselceramide 

cascade participates in IL- 1 p-mediated effects on these gene products (Lozamski et al, 

1997). Finally, the manganese superoxide dismutase enzyme has been identified as an 

acute phase protein induced by AI and cytokine treatment (Dougall and Nick. 1991). 

Induction by IL- 1 P is thought to be through the sphingomyeIinase/ceramide pathway 

(Pahan et al, 1999). On the other hand, this signaling mechanism does not play a role in 

IL-6-mediated effects on gene expression (Chen et al, 1995; Lozamski et al, 1997). It is 

interesting to note, however. that the sphingomyelinaselcenmide pathway seems to be 

involved in IL-1b and TNF-a-mediated cell death in some ce11 types (Major et al, 1999: 

Welsh, 1996). 

The TGF-fi Family. TGF-B has mitogenic or antiproliferative functions. and highly 

pleiotropic effects, depending on the ce11 type being exposed. Its diverse functions 

include regulation of extracellular matrix formation, anti-inflammatory propenies and 

wound healing (Spom and Roberts. 1992, Massague, 1990). The TGF-f! recepton are 

receptor sennelthreonine kinases. They possess protein kinase activity specific to the 

phosphorylation of senne ancilor threonine residues, and can be classified into two types: 

type 1 (signal transducing subunit) and type II (ligand-binding subunit) (Lin and 

Moustakas, 1994, Miyazono er al, 1994). Heterodimerization of the recepton is required 

for signaling, which proceeds through activation of the Smad CO-transcription factors 

(Wrana 1998, 1999,3000). 



1.4. Regulation of P-Glycopro tein 

Research on the MDR phenotype has primarily focused on mechanisms of up-regulation 

and overexpression in tumor cells (reviewed in Gottesmann et al, 1995, and others). By 

using deletion denvatives of the upstrearn regulatory sequences of the rndr genes, in 

tandems other molecular biology techniques, several research teams have identified 

binding sites for known transcription factors. However, very little research to date has 

examined the down-regulation of the MDR phenotype. The information currently known 

about the regulation of PGP is surnmarized below. 

Regulaton, seqiiences of the rndr genes. The prornote r regions and upstrearn regulatory 

sequences (URSs) of the human. mouse, hamster and n t  rndr genes have been identified 

and characterized (Gottesmann et al, 1995: Ueda et al, 1987; van Groeningen et ai, 1993. 

among others). A constantly-updated catalogue of these sequences exists in GenBank: 

htto://www.ncbi.nlm.nih.~ov/Entrez/nucIeotide.html. In each of the rndr gene sequences, 

putative binding sites for various "stress" transcription factors are found, including those 

for AP-1, Sp-1, AP-2, NF-Y, and CEEPP (NF-IL6), illustrated in Figures 1.3 (human 

MDRI) ,  1.3 (murine mdrl) and 1.4 (nt mdrlb). While the functional significance of 

these binding sites has yet to be established, it is likely that these sites and transcription 

factors are the targets of signal transduction pathways induced by environmental and 

pathological stimuli that evoke the stress response. A summary of what is currently 

known about the URSs of the mdr genes in human, mouse and nt is presented in Figures 



1.2-1.4 (compiled from Cohen et al, 1994; Combates et al, 1994: Raymond and Gros, 

1990; Sundseth et al, 1997; Yu et al, 1993; 1995). 

The Acute Infamrnatory Response. Cytokines and the mdr Genes. The induction of an 

acute inflammatory response in rats (Piquette-Miller et ai. 1998) and mice (Hartmann et 

al. 1999) has been demonstrated to decrease the hepatic expression and activity of PGP at 

the level of mRNA. Findings that indicated AI-mediated down-regulation of the mdr 

genes were obtained in both of these species (Hartmann et ai. in press; Piquette-Miller et 

al, 1998), utilizing two different experimental models. These included the turpentine 

model, which produces a localized inflammatory reaction. and the bacterial 

lipopolysaccharide (LPS) model, which produces a systemic endotoxemia. Furthemore. 

primary rat hepatocyte cultures treated with LPS also show a reduction in PGP 

expression and activity (Piquette-Miller, unpublished data). While these studies 

demonstrated a down-regulation in rndrla. mdrlb. spgp, and, to a lesser extent, mdr2 

mRNA levels, somewhat different results were found in the livers of endotoxernic rat 

livers by Vos et al (1998). Their results indicated up-regulation of mdrlb, down- 

regulation of the bile salt transporter spgp while levels of mdrla and mdr2 remained 

unchanged. Although neither quantitative nor statistical analysis of results were presented 

(Vos et ai. 1998), it is likely that the degree of endotoxemia in the rats may play a role as 

this may alter the pattern and extent of cytokine release. Indeed, studies in this laboratory 

found that other models of inflammation, such as adjuvant-induced arthntis in rats, a 

classical animal model of chronic inflammation, did not sipificantly alter the hepatic 

expression of PGP (Piquette-Miller, unpublished data), which indicates a strong 



dependency on the degree of the inflammation. Furthemore, other studies in the 

laboratory indicated that rend and intestinal expression of the mdrl genes remain 

unchanged in LPS or turpentine-injected rats, suggesting that the suppression of the mdr 

genes during acute inflammation is both a complex and liver-specific phenornenon. 

It is well known that the majonty of effects seen during an AI are associated with the 

release of a few of the pro-inflarnmatory cytokines. In particular, it has been 

demonstrated that IL-1P and IL-6. and to a lesser extent, W - a ,  are the principal 

mediators involved in the control of the hepatic gene expression of numerous 

gl ycoproteins, as well as the c ytoc hrome P450 enzymes during inflammation. Therefore, 

it is likely that these mediators are also involved in PGPlmdrl down-regulation during 

the inflarnmatory response elicited by acute inflammation. Indeed, initial studies 

indicated that treatment with IL-6 suppressed PGP expression in cultured rat hepatocytes 

(Pak, 1998: Sukhai et al, 1999: 3000a; 2ûûûb). In vivo expenments in mice have 

demonstrated an IL-6-mediated downregulation of PGP and mdr expression (Hartmann et 

al, 1999: in press). These data support the hypothesis that IL-6 is primarily responsible 

for the down-regulation of PGP expression and activity during an acute inflarnmatory 

response. These studies formed the bais  of this thesis. 

Other investigators have found that TNF-a. which primarily acts through NF-KB, 

suppresses mdrlb gene expression. In v i m  studies in continuous human intestinal ce11 

lines treated with TNF-u demonstrated down-regulation of PGP protein and m d r l  gene 

expression as well as enhanced chemosensitivity (Stein et al, 1996a: 1996b; Walther and 



Stein. 1994). A binding site for NF-KB exists on the mdrlb promoter (Zhou et al, 1996) 

which may suggest the involvement of this transcription factor in mdrlb down- 

regulation. On the other hand, others have observed a TNF-a mediated induction of 

mdrlb expression in cultured nt hepatocytes that can be suppressed by addition of the 

anti-inflammatory agent dexamethasone (Hirsch-Ernst et al, 1998; Kreuser et al, 1995). 

The apparent discrepancies in these studies are likely due to species and TNF treatment 

differences. Furthemore, as different ce11 types are unique in their ability to produce and 

release other cytokines, the use of intestinal or hepatic cells in these studies likely 

influence cellular exposure to other cytokines which could contribute to their dissimilar 

findings. 

In terms of species differences. although we have observed that the inflammatory 

response mediates a suppression of PGP expression and activity in rats (Piquette-Miller et 

al, 1998) and mice (Hartmann et al. 1999), this phenomenon has yet to be examined in 

humans. Several reports indicate a diminished MDRl gene expression ancilor potentiation 

of chemosensitivity in human colon carcinoma and hepatoma cell lines incubated with 

IFN-a, IFN-y, TNF-a. IL-2 and leukoregulin (Evans and Baker, 1992; Kang and Pemy, 

1994; Stein et al, 1996a; 1996b; Takeuchi et al, 1999; Walther and Stein, 1994: Walther 

et al, 1995). While information in this area is limited, DN-y and TNF-a effects are 

mediated through an inhibition of MDRI gene transcription (Stein et al, 1996a; Walther 

and Stein, 1994). Other cell types have not produced consistent results with cytokine 

treatments (Bailly et al, 1995). In vivo studies have not yet been conducted however, 



observations of therapeutic synergism have been reported in patients given combinations 

of cytotoxic drugs with IFN or TNF (Chapekar et al, 199 1; Wadler and Schwartz, 1992). 

While the molecular pathways involved in cytokine-mediated regulation of mdr gene 

expression have not been delineated it is likely that the down-regulation of mdrllPGP in 

hepatocytes occurs through inhibition of mdr gene transcription. It is felt that the 

cytokines mediate their effects through unique signal tmnsduction pathways involving 

only a handful of nuclear transcription factors (NF-6B, ClEBP and APRF) (Vilcek and 

Le, 1994). Changes in hepatic protein production during an inflammatory response are 

thought to be primarily mediated through the nuclear factor NF-IL6 (also known as 

CEBPB) which belongs to the ClEBP transcription factor farnily (Akira and Kishimoto, 

1992; Vilcek and Le, 1994). During an inflammatory response or after exposure to IL-1. 

IL-6 or RIF, drarnatically increased levels of NF-IL6 function as both a positive and 

negative regulator of transcription within the liver (Akin and Kishimoto, 1992). Binding 

sites for N'FIL6 and other CEBP transcription factors have been identified on the 

promoter region of the mdrl genes (Cohen et al, 1994: Combates et al, 1994: Yu et al. 

1993). Thus transcription control through members of the CEBP family such as NF-ILo 

may pmvide a possible cellular signaling pathway by which inflammation and 

inflammatory mediators suppress PGP expression. 

It is known that IL-6 and LIF activities are mediated through similar pathways: MAPK 

activation of NF-IL-6 (CEBPP) and/or induction of APEW through the JAKISTAT 

pathway (Akira. 1997). However, the effect of L E  on PGP expression has not been 



examined. The anti-proiiferative cytokine TGF-PI, which is released during an acute 

inflammatory reaction also appears to influence mdr gene expression in a complex 

manner. Long-tem exposure to TGF-BI induces drug resistance by induction of mdrl 

mRNA expression (Zhang et al, 1994) whereas short-term exposure to TGF-pl in 

glioblastoma cells has been reported to decrease MDRl  expression (Schluesener. 1991). 

It is known that TGF-BI operates through a family of transcription facton and associated 

proteins known as the Smads, which interact with AP-1 (Attisano and Wnna, 1998; 

Wisdom. 1999; Wrana. 1998; 1999; 2000). As AP-1 binding sites exist in the promoters 

of members of the mdr gene family, this may provide a link to TGF-BI modulated effects 

on PGPlmdrl transcnption. 

Other growth facton. in particular. epidermal growth factor and insulin-like growth 

factor4 have both been shown to induce PGP and mdrlb expression in a time-dependent 

manner in cultured rat hepatocytes (Hinch-Ernst et al, 1995). In addition to altering gene 

transcription rates, which result in increased mRNA levels. it has also been suggested that 

epidermal growth factor influences PGP through post-tnnshtional changes in 

phosphorylation states of PGP (Yang et al, 1997). In the case of insulin-like growth 

factor-1, it is thought that it may induce mdrl gene expression via a c-Bras dependent 

MAPK signaling cascade (Guo et al, 1998). 

To date, the effects of cytokines on PGP expression have not been fully delineated. In 

addition to possessing complex patterns of induction and inhibition. the cytokines have 

many overlapping and syner@stic effects. Thus it is likely that the cytokines also interact 



with mdr gene expression in a elaborate manner resulting in unique effects dependent 

upon cytokine concentrations, ce11 type and species. As many disease States are 

associated with changes in cytokine secretion there is a need to explore PGP reguiation in 

both health and disease. Further investigation is also necessary, for although cytokine- 

mediated mechanisms of mdrl down-regulation have promising usefulness in cancer 

treatments, available information in this area is limited with many discrepancies reponed. 

Regulution by Xenobiotics. It has been well demonstrated that exposure to cytotoxic 

agents often results in increased expression of PGP in tumor cells. A wide array of 

chemically and structurally distinct agents modulate PGP expression (Germann. 1996). 

Some of the inducen of PGPlmdrl expression include methyl methanesulfonüte (Fardel 

et al, 1998), doxorubicin (Fardel et al, 1997), daunorubicin, vincristine. vinblastine, VP 

16 (Hu et al, 1995), afiotoxin B L ,  methylcholantrine and mitoxantrone (Gant et ai, 199 1; 

Silverman and Hill, 1995; Schrenk et al, 1996). These drugs pnmarily cause induction 

through increases in gene transcription of mdrl, as these changes in gene expression can 

be blocked by Actinomycin D (Fardel et al, 1997). There is evidence for the 

downreguiation of human iMDR1 mRNA levels by bryostatin 1 (al-Katib et al. 1998). and 

by low concentrations of veraparnil, a known inhibitor of PGP function (Muller et al. 

L995). Interestingly, higher concentrations of verapamil seem to induce MDRI mRNA 

expression. 

Regulation of rhe mdr genes by Environmental Influences. Al though PGP is highl y 

regulated, the mechanisms by which this gene product is controlled are complex and still 



poorly understood. Evidence from numerous studies indicates that expression and activity 

of PGP can be controlled by either pre- or post-transcriptional mechanisms (discussed in 

general by Griffiths et al, 1997) by a rnyriad of environmental influences. For instance, 

protein kinase C activaton known to increase PUP activity have been found to enhance 

mdrl gene expression via both transcriptional and translational pathways (Chaudhary and 

Roninson, 1992). Modulations in protein stability, plasma membrane incorporation, 

mRNA stability and processing, gene transcription and gene amplification have each 

k e n  reported for PGP (Childs and Ling, 1994; Farde1 et al, 1996; Gottesmann et al, 

1995; Riordan et al, 1985; Sharom, 1997; Shen et al, 1986). Of these, alterations in PGP 

expression that occur at the Ievel of mRNA are perhaps the most frequently observed 

(Gemann, 1996). Although it is generally thought that alterations in gene transcription 

are principally responsible for mRNA effects. prolonged cellular exposure to numerous 

c ytotoxic dmgs have been reported to i nduce mdrl gene overexpression through both 

gene amplification and enhanced transcription rates (Riordan et al, 1985; Shen et al, 

1986) or by increased mRNA stability (Lee et al, 1998). Moreover, mdrlb 

overexpression due to increased mRNA stability has k e n  reported in pnmary cultures of 

rat hepatocytes (Gant et al, 199 1; Lee et al, 1995). It is likely that the observed decreases 

in mdrlb degradation rates in these cultured crlls could result from cellular stress 

imposed by tissue disruption and collagenase isolation. Increased rnRNA stability and 

half-life appears to be tied to cytoskeleton control as cytoskeletal disruption by 

cytochalasin D has also been demonstrated to negate this effect (Lte et al, 1995). 



Heat Shock and the mdr Genes. Heat shock proteins are synthesized in response to 

stressful environmental conditions such as heat, in order to protect the ceIl from their 

effects. These often include proteins that are thought to help in stabilizing and repainng 

ce11 damage. It is likely that effiux transport proteins such as PGP, which are involved in 

the removal of toxic metabolites and by-products, play an active role in this protective 

mechanism. Identification of two strong heat shock consensus elements within the human 

MDRI gene prornoter, as well as an observed in vitro increase in MDRI mRNA 

following cellular exposure to high temperature and toxic heavy metals suggest that 

MDRI could function as a heat shock gene. It has been shown that basal activity of the 

MDRI promoter requires heat shock factor (HSF-) mediated transactivation (Kim et al, 

1997). Indeed, inhibition of the DNA-protein complex formation between HSF and its 

response element has been found to block MDRI basal transcription, sensitizing MDR 

cells to anticancer agents (Kim et al, 1998). Furthemore, inhibition of protein kinase A 

(PKA) suppresses HSF DNA-binding activity as well as reducing expression of the heat 

shock proteins hsp90 and hsp70, and would thus decrease MDRl  expression (Kim et al, 

1997). Cells treated with antisense oligonucleotides to both hsp90 and MDRl have been 

demonstrated to display vastl y decreased PGP ha1 f-Ii ves and increased doxorubicin 

sensitivity compared to controls or cells treated with the antisense oligonucleotide to 

MDRl alone (Bertram et al, 1996). In these studies hsp90, which could be both CO- 

precipitated as well as CO-induced with PGP, was irnplicated as a possible "chaperone 

protein" for PGP and is thought to sornehow aid in the maintenance of PGP functional 

activity and protein half-life. Thus suppression of hsp90 expression would likely result in 

decreased PGP half-life and activity. On the other hand, further expetiments conducted 



by Kim et al (1996) have shown that the heat shock element may be involved in 

alterations of MDRl transcription rates through pathways that are dependent upon protein 

kinase A and the raf oncogene. That is, raf activation by heat shock or sodium arsenite. 

which stimulates the heat shock response, resulted in an induction of MDR activity 

whereas inhibition of PKA activity using 8-Cl-CAMP, blocked the heat shock 

potentiation of MDR activity (Kim et al. 1996; Scala et al, 1995). Taken together. these 

data indicate multiple pathways of control of MDRI expression by cellular pathways that 

define the heat shock response. 

Cells can be made resistant to heat shock (a phenornenon known as "thermotolerance") in 

the same manner as they c m  be made dmg resistant: constant and increasing exposure to 

thermal stresses followed by drug selection conditions. Indeed, in rat hepatoma cells 

treated in such a rnanner, there is a correlation between the induction of HSF and the 

induction of MDRl gene expression and activity (Hever-Szabo et al, 1998). However, in 

vivo studies contradict these findings, as Vollrath et al (1994) presented evidence 

showing that the rat nidrl genes are not induced dunng heat shock. Nevertheiess. as there 

exists a substantial body of evidence detailing modulation of mdrl expression by heat 

shock, the discrepancies in these studies rnay be due to difficulties incurred in controlling 

a heat shock response in a whole animal. Differences in regulation between normal and 

hepatoma cells. and between species (human and rat) may also play a role. However to 

date, it seems clear that MDRl participates as a heat shock response gene in humans. 

More information in this area may evolve as it is now thought that the heat-shock 

proteins may play an undefined role in cancer and in the development of drug resistance. 



Irradiation and the mdr Genes. In addition to initiating genetic mutations, ionizing 

radiation may initiate cellular responses that can ultimately affect mdr gene expression. 

Generall y, irradiation has been observed to increase rat her than decrease mdr expression. 

It has been demonstrated that induction of MDRl expression incurred by ultraviolet 

irradiation results from increased MDRl gene transcription rates (Ohga et al, 1996; 

1998). Signaling of this induction is thought to pnmarily occur through a CCAAT 

box./NF-Y-binding site that is found in the MDRl promoter (Hu et al, 2000). Fractionated 

X-irradiation has been found to increase PGP expression in CHO cells due to increased 

protein stabili ty and half-life with corresponding decreases in turnover rates (Hill et al. 

1990; 1994; McLean and Hill. 1993: McLean et al, 1993). Indeed, increased PGP haIf- 

lives of more than 40 hours are found in irndiated cells as opposed to 17 hours in the 

control cell populations (Hill et al, 1994; McLean and Hill, 1993). Furthemore, the 

enhanced stability of PGP reportedly occurs without concomitant increases in mRNA 

levels (Hill et al, 1990; McLean et al, 1993). 

Evidence also suggests that the superstructure of chromatin plays a role in transcriptional 

regulation dunng W irradiation. Specifically, the histone acetyltransferases and 

deacetylases that modulate DNA packaging into histones are believed to be involved. lin 

and Scotto (1998) reported that incubation of a human carcinoma cell line (SW620) with 

an inhibitor of histone deacetylase induced a 20-fold increase in MDRl mRNA levels. 

The authors report that this induction li kel y occun through increased transcription, 

requinng the sequence from -83 to -73, which contains an inverted CCAAT box 



element. Point mutations of this sequence were found to abolish promoter response to the 

histone deacetylase inhibitor. The authors also postulated that ratios of acetyltransferase 

to deacetylase activities could be important in MDRl regdation, with hyperacetylation 

leading to gene activation. Gel mobility shift assays establishing binding of NF-Y to the 

inverted CCAAT box and the involvement of NF-Y in intnnsic histone acetyltransferase 

activity also appear to indicate regulatory mechanisms of human MDRl gene expression 

via chromatin acetylation/deacetylation pathways (Jin and Scotto, 1998). As discussed 

previously, sequences containing inverted CCAAT boxes were implicated by Ohga et al 

(1996; 1998), lin & Scotto (1998) and Hu et al (2000) in MDRl induction imposed by 

UV irradiation. This promoter sequence has also been implicated in induction imposed by 

various stimuli including differentiation (Morrow et al. 1994). heat shock (Mickley et a, 

1989) and cytotoxic dmgs (Ohga et al. 1996) as this sequence is thought to play a role in 

maintaining basal MDRI promoter activity (Mickley et al, 1989; Miyazaki et al, 1992). 

This implies that MDRl may be induced by radiation through a general non-specific 

cellular response to environmental stress. 

Genotoxic Stress and the mdr Genes. Recently, much progress has been made in defining 

the signal transduction pathways that mediate cellular responses to DNA damage. 

Contnbuting to this response are multiple pathways involving alteration of 

phosphorylation States of proteins and transcription factors which occurs through several 

distinct protein kinases (ERK, JNWSAPK, and p38/HOGl) as well as the tumor 

suppressor protein p53. In particular, cyclic AMP responsive transcription factors such as 

NF-KB, AP-1. Spl and CREB transduce signals in response to protein kinase C 



activation. To date, several lines of evidence demonstrating a correlation between protein 

kinase activity and MDR expression suggest that activation of cyclic AMP-dependent 

protein kinases may be involved in induction of the MDR phenotype in tumor cells 

(Rohlff and Glazer, 1995). 

The c-Jun MI2-terminal protein kinase (JNK), a member of a well-characterized mitogen 

activating protein kinase (MAPK) cascade (Davis. 1993; Lin et al, 1995; Osborn and 

Chamben, 1996; Yan et a!, 1994) is activated in response to many stressful stimuli 

including growth factors. phorbol esters, heat shock, W irradiation, protein synthesis 

inhibitors, and inflammatory cytokines (Cobb and Goldsmith, 1995; Davis, 1993: Hibi et 

al, 1993; Kyriakis et al, 1994; Raingeaud et al, 1995; Yan et al, 1994). It has been 

reported that JNK is activated in human carcinoma cells by treatrnent with a number of 

different anticancer dmgs and this activation of JNK correlates with increased MDRl 

expression (Osbom and Chambers, 1996). It is thus believed that JNK rnay play a role in 

the cellular development of the MDR phenotype. JNK is known to phosphorylate and 

acti vate c-jun, w hich comprises ha1 f of the heterodimeric AP- 1 transcription factor (Hibi 

et al, 1993). It is known now that there are AP-1 binding sites on the promoters of mdrl 

genes across species (Ikeguchi et al, 1991) and a positive correlation between AP-1 

activation and MDRl transcription has been reported (Volm, 1993). It is therefore 

possible that induction of MDRl expression correlating with INK activation could be 

traced to tram-activation by AP-1. Other agents which activate the INK or protein kinase 

cascades rnay also affect mdr expression in this manner. 



DNA damage is perhaps the best-studied stress that activates p53, and recent data 

implicate phosphorylation at N-terminal senne residues as critical in this process. It is 

interesting to note that many members of the MAPK cascades, because of their roles in 

controlling cellular growth and proliferation. are oncogenes (c-H-raf and c-H-ras, for 

example). It has been shown that transformation of rat liver cells with v-H-ras or v-raf 

oncogenes causes an induction of MDRllPGP expression (Burt et al, 1988). In addition 

to k ing  under the indirect control of those oncogenes, mdrlb in rat hepatoma cells is 

thought to function as a p53 response gene. Indeed, it has been demonstrated that 

presence of the p53 response element and the adjacent NF-KB binding site in the mdrlb 

promoter are both required for basal promoter activity (Zhou et al, 1996; Zhou and Kuo. 

1998). 

Summav. A number of environmental stimuli have been shown to increase or decrease 

the expression of the mdrl genes. In humans, it has been suggested that MDRl may 

function as a heat shock gene and its expression may be modulated by a number of agents 

that trigger or have effects on those signaling pathways. Ionizing radiation has also been 

shown to up-regulate mdrl gene expression across species via a number of mechanisms. 

The human MDRl gene is also one of the first genes confirmed to be transcriptionally 

regulated by chromatin packaging mechanisms. Other stress stimuli including a variety of 

cytokines and growth factors have nlso been demonstrated to elicit effects on mdrl p n e  

expression. Although much has been reported on mdr gene expression, the mechanisms 

involved in its regulation are still relatively unknown. It is likely that a limited number of 



transcription factors possessing binding sites on the mdrl promoters are involved in 

stress-stimulated regulatory pathways. 

As experimentally induced acute inflammation causes a decrease in PGPlnzdrl 

expression and activity, and as preliminary studies suggested that individual 

inflammatory mediators may play a role in this down-regulation, we set out to 

characterize the effects that individual pro-inflamrnatory cytokines (prirnarily IL-6 and 

IL- L p) may have on PGPlnidrl expression, and further, analyze the molecular 

mechanisms responsibie for these effects. These studies are important in Our 

undentanding of the physiological mechanisms by which PGP is regulated. It is possible 

that such knowledge may aid in the identification and development of thetapeutic 

strategies to modulate MDR gene expression. 



Cytokine 
Family 

IL-6 

IL- I 

Rep resentative 
Members 

IL-6 
L-1 L 
LIF 
Oncostatin-M 

Functions 

Acute phase response 
Bçell growth factor 
8-cet1 terminal differentiation and 
immunoglobulin secretion 

LIF: 
Proliferation of murine embryo 
stem cells 
Myeloid ce11 differentiation 
Inhibits gmwth of leukemic ceIl 
lines 
Acute phase response (in vitro 
only) 

0 Inflammatory mediators 
Activate T-cells 
Induce IL-6, growth factors 
Induce fever 
Ce11 death (?) 

Highl y pleiotropic effects 
Regulation of extracellular matnx 
formation 
Anti-inflammatory properties 
Wound healing 

Transcription 
Factors 
Activated 

NF-IL6 
APRFlSTAT3 
AP- 1 

Smad famil y 
AP- 1 

Table 1. A summary of the major classes of cytokines that play roles in the inflamrnatory 

response, based on their signal transduction pathways. Functions of prototype memben 

of each class are listed, dong with the transcription factors induced by each class of 

cytokine. 



Recognition Sequence Transcription 
Factor 

Activated by 1 

Unknown 

Inverted CCAAT 
Sequence 

MAPK-JNK 
Cascade 

JAWSTAT 
Cascade 

c-Raf, P U -  
dependent Cascade 

c-Ras dependent 
MAPK Cascade 

Sphingomyelin 
icerami de 
Cascade 
MAPK 
Cascade 

Chromatin 
pac kaging 
pathways? 

- 

Phosphorylation 
Cascades 

Stress Stimulus 

Growth factors 
Heat shock 
Irradiation 
Inflammatory 
cytokines 
Othe B... 

Inflammation 
IL-6 

Heat shock 
Toxic metals 

Inflammation 
IL-6-like 
cytokines 

Inflammation 
IL-1 
TNF 

Irradiation 

DNA damage 
Genotoxic 
stress 

Table 2. Summary of stress-induced transcription factors known to play a role in 

regulation of the mdrl genes, as outlined in Section L.4. 



Figure 1.1. The signal transduction pathways that are tnggered by the pro-infiammatory 

cytokines IL-6 and IL- 1 p. 
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Figure 1.2. A schematic diagram of the human MDRI promoter region, showing the 

relative locations of transcnption factor binding sites, as well as the transcnption factors 

and signal transduction pathways thought to intenct with them. 



( UV, Htat Shock 

Figure 1.3. A schematic digararn of the rnurine mdrl promoter regions. showing the 

relative locations of transcription factor binding sites, as well as the transcription factors 

and signai transduction pathways thought to interact with them. The information 

presented here is an amalgam of what is known for both mdrla and mdrlb. 
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Figure 1.4. A schematic diagram of the rat nidrlb promoter region, showing the relative 

locations of transcription factor binding sites, as well as the transcription factors and 

signal transduction pathways thought to interact with them; little is known about the 

promoter sequences for rat mdrla and rndrlb. The majority of the mdrla gene and 

promoter region have yet to be sequenced. 



2. RATIONALE 



2. Rationale and Experirnental Justifications 

2.1 Rationde 

Experiments previously conducted in this laboratory have demonstrated a decrease in the 

hepatic expression of PGP during AI in rats. This decrease has been shown to exist at the 

levels of function, protein expression and mRNA expression (Piquette-Miller et QI, 1998) 

Additional experiments have yielded similar results in mice (Hartmann et al, 1999). AI 

in rats is a well-characterized animal model, and it is thought that changes in hepatic 

protein expression during AI are mediated by the cytokines IL- 1 p. IL-6 and TNF-a, with 

IL-6 the major mediator. Thus it was hypothesized that these cytokines may mediate 

changes to the hepatic expression of PGP during AI. Others in the labontory also 

obtained preliminary data indicating that PGP protein expression is significantly reduced 

in primary rat hepatocyte cultures upon treatment with IL-6 and IL-1B (Pak. 1998). 

Since these observations suggest a physiological mechanism by which PGP expression 

can be decreased or suppressed, we feel that AI and cytokine-mediated effects may serve 

as useful models to elucidate physiological pathways and mechanisms of mdr down- 

regulation. Thus, the primary objective of this project was to examine Ai-mediated 

mechanisms of mdr regulation. This information will aid in delineating the rnolecular 

and cellular pathways of PGP regulation, and may also be useful in understanding PGP 

regulation under other diseases or conditions which stimulate cytokine production. 



2*2 H y po t hesis 

The pro-inflanmatory cytokine Interleiikin-6, the principle mediator of the injlammatory 

response, niediates a suppression of mdr 1 gene transcription in hepatocytes. 

2 3  Project Objectives 

Experimental Objectives 

1. To ascertain the influence of pro-inflammatory cytokines (IL-6, IL- 1 b, LiF, TGF- 

pi)  on PGP expression in prirnary cultures of rat hepatocytes. 

2. To delineate cellular mechanisms (i.e. protein stabi li ty, mRNA stabili ty, gene 

transcription) by which PGP regulation occun. 

Decay ntes of the mdrl genes are to be examined via Northem and Slot 

Blotting. 

Transcription ntes of the mdr genes are to be examined via in vitro 

transcription reactions and Nuclear Run-On analysis. 

Changes in transcription factor binding to the mdrlb promoter will be 

initially examined by gel shift assays and DNaseI footpnnting. 

3. To establish whether the in vivo down-regulation of mdrla. mdrlb and mdr2 

mRNA expression, which was seen in Al  experimental models, occurs through an 

alteration in rndr gene transcription rates. 



Technical Objectives 

1. To develop a sensitive quantitative reverse transcription-pol ymerase c hain reaction 

(RT PCR) assay capable of analyzing low levels of gene expression of cultured rat 

hepatocyte and small ce11 culture samples. 

2.4 Justification of Experimental Designs 

Semi-Quantitative RT-PCR. nie critena used when designing the adaptation of 

quantitative RT-PCR used herein were as follows: 

1. Sensitivity: The technique must utilize srnall (cl pg) quantities of RNA. 

2. Accuracy/error: The technique must be able to detect srnall changes in 

gene expression. 

3. Consistency: the technique must be able to produce consistent results upon 

repetition. within reasonable limits for experimental error and variability. 

4. The technique must be able to duplicate results previously obtaioed using 

a different method. 

5.  Effectiveness: the protocols must be carried out within reasonable 

expenditure limits and labor intensity. comparable to those already in use 

by the lab. 

Culttired Hepatocytes as a Suitable in vitro Model. The initial in vivo work on the effects 

of inflammation on PGP expression in this labontory was done on rats. In order to pursue 

this matter further in an in vitro systern, cells with the same overall characteristics as rat 



hepatocytes needed to be used. In order to draw proper in vivolin vitro correlations, Our 

in vitro system: (1) needed to have the same responses to cytokines as whole rat liver; (2) 

needed to express PGP; and (3) needed to have the acute phase response (APR) pathways 

clearly defined and active. 

The most econornical approach to this problern was to use primary rat hepatocyte cultures 

from male Sprague-Dawley rats. These cells do not grow or divide in culture, but are 

capable of eliciting an inflammatory reaction in vitro (Baumann and Gauldie, 1990; 

Kushner and Mackiewicz, 1993; Milland et al, 1990; Richard et al, 1992). Furthemore 

much of the knowledge on PGPlmdr regulation as well as cytokine-mediated effects on 

gene regulation of the acute phase proteins has been generated in rat and cultured n t  

hepatocytes (Fardel et al. 1993: Gant et al, 199 1 ; Kushner and Mackiewicz, 1993; 

Milland et al, 1990; Piquette-Miller et al, 1998). However. while this project and others 

have k e n  successfully carried out in primary culture. there are problems with this choice 

that should be noted. Fintly, animals must be sacrificed every time cells are needed. 

Primary cultures can only survive without intervention in monolayen up to a week after 

plating. Secondly, ceils from the same liver will display variability when plated in 

different culture dishes. Although this variability is not to the extent displayed between 

animals in a given study, pnmary hepatocyte cultures do not display the consistence of 

continuous ce11 lines. Thirdly, the expression of the mdr genes is altered in primary 

culture. It has k e n  previously reported that PGP is overexpressed with time in primary 

culture (Lee et al. 1993; 1995), though this overexpression is least evident in cells 

isolated from Spngue-Dawley rats (Hill et al, 1996: see Section 4.1 for our duplication of 



these results). It is for this last reason that the establishment of controls for rndr gene 

expression was necessary for proper interpretation of the data obtained during this 

project. Despite the dynamic nature of Our model, we obtained results comparable to 

what was seen in vivo in rats (Piquette-Miller et al, 1998) and mice (Hartmann et al, 

1999, in press). Therefore, despite these issues, cultured rat hepatocytes provide us a way 

of examining the effect of individual cytokines on PGP and mdr expression in a system 

as close to the physiological nom as possible, expressing the genes of interest and 

carryng the signal transduction pathways necessary for cytokine response. 

Description of in vivo animal rnodel. There are two classical models of experimentally 

induced acute inflammation in rats. which have k e n  well characterized. A rapid and 

reproducible acute inflammatory response is induced locally by a small subcutaneous 

injection of turpentine oil or systemically by treatment with the bacterial endotoxin LPS 

(for review, see Mackiewicz & Kushner, 1993). It is known that the expression of many 

liver-derived proteins, including sevenl of the CYP drug metabolizing enzymes, is 

altered or suppressed during an acute phase response (Kushner and Mackiewicz, 1993). It 

is believed that these changes stem from the release of local and systemic inflammatory 

mediators (Kushner and Mackiewicz. 1993). Of these, IL- 1P and IL-6 are thought to be 

the pnnciple mediators of the hepatic changes in gene transcription and protein synthesis 

rates (Fantuzzi & Dinarello, 1996). As we observed a reduction of PGP expression in rat 

liver in response to expenmentally induced inflammation (Piquette-Miller et al, 1998), it 

is likely that these cytokines could also be involved in PGP suppression. In the context of 



this project, we examined the effects of AI on the transcription rates of the mdr genes in 

vivo in control versus turpentine treated rat livers. 

Justijkation of choice of cytokines. Several "model" pro-infiammatory cytokines were 

c hosen for these studies based on the characteristic set of signal transduction pathways 

they trigger. Briefly, IL-6 and its related cytokines activate the transcription factors NF- 

IL-6 (C/EBPp) and APRF, while the EL-lp-like cytokines can activate either NF-id3 or 

NF-IL-6 and TGF-B will activate the Smad CO-transcription factors. Using at least one 

cytokine from each class allows us to test a range of signaling pathways and transcription 

factors for their effects on PGP expression. We therefore examined the effects of at least 

one member of each cytokine farnily to determine their effects on PGP expression; IL-6 

and L E  from the IL-6 like family of cytokines; IL- 1 as a representative of its family; 

and, TGF-Bi as the most important member of the TGF-$ farnily. 



3. MATERIALS AND METHODS 



3. Methods & Materials 

Animals. Chernicals and Reagents. Male Sprague-Dawley rats (250-300 grams) were 

purchased from Charles River, NJ, and were handled in accordance with guidelines set 

out by the United States National Institutes of Health. Culture media, antibiotics and 

supplements were purchased from Gibco BRL. unless otherwise noted. Cytokines, 

growth factors. dexamethasone (DEX) and molecular biology grade chernicals were 

obtained from Sigma Aldrich. C219 primary antibody was purchased from ID Labs; 

horseradish peroxidase-conj ugated secondary anti body was obtained from Amers ham 

Pharmacia Biotech. Hybond E C L ~  and N+ membranes and E C L ~  detection reagents 

were also obtained frorn Amersham. along with the ~ u i c k ~ r e ~ ~  RNA extraction kit. 

RNase A and ribonuclease inhibitor. PCR primers were synthesized by the DNA 

S ynthesis Centre, Hospital for Sick Children, University of Toronto. RT-PCR reagents 

and enzymes were obtained from MBI Fermentas. along with restriction enzymes. T4 

polynucleotide kinase, calf intestinal alkaline phosphatase and nucleotides. Cornpetent E. 

coli transformed with plasmids containing cDNA inserts were provided by Dr. J.A. 

Silverrnan. Kits for plasmid isolation. extraction of DNA from agarose gels, nucleotide 

removal and reaction cleanup were purchased from QIAGEN. Radiolabel ( [ y - 3 ' ~ ] - ~ ~ ~  

and [a-"PI-UTP) was purchased from Mandel Scientific Co. 

Hepatocyte Isolation and Ctîlttire. Hepatocytes were isolated by in situ perfusion of male 

Spngue-Dawley rat liven via the hepatic portal vein with 500 mL of modified Hanks 

buffer containing 0.5 mM ethanedioxy-bis (ethylamine) tetraacetate (EGTA) and 0.65% 

albumin (Moldeus et al, 1978). The solution was replaced by modified Hanks buffer 



containing 0.045% collagenase and 2 mM ~ a ' + .  When perfusion was completed, the liver 

was removed and irnmersed in Krebs-Henseleit buffer containing 2% albumin and 0.013 

mM N-2-hydroxyethylpiperazine-N'-ethanesulfonic acid (HEPES). The hepatocytes were 

released by pulling away the capsule and the cells were sedimented. The hepatocytes 

were then washed once in plating medium [L: 1 Dulbecco's modified Eagle's medium 

(DMEM)IWaymouthTs MB 75Z1 medium] containing DEX (50 nM). insulin, transfemn, 

and selenous acid (ITS; Collaborative Biomedical Products, MA), fetal bovine semm 

(lO%v/v), and gentarnicin (50 pglml). Viability was assessed by trypan blue exclusion 

and was always >80%. Ceils were plated in LOO-mm (most studies), 150-mm (in vitro 

transcription rate experiments) or 6-well (mRNA stability experiments) tissue culture 

dishes at a density of >5 x l d  cells/ml in plating medium. After 3-4 h, the medium was 

replaced with maintenance medium (1: 1 DMEMfWaymouth's MB 75YL medium) 

containing DEX (50 nM), gentarnicin (50 pg/ml), insulin. transferrin, selenium (each at 

6.25 g/ml), bovine semm albumin (1.25 rnglrnl) and linoleic acid (5.35 (g/ml; ITS+ : 

Collaborative Biomedical Products) (Gant et al., 199 1). 

Cytokine Trereatment and P-Giycoprotein Erpression. Plated hepatocytes were incubated 

with maintenance medium supplemented with varying concentrations of recombinant 

cytokine: human recombinant IL-6, LIF. TGF-BI, al1 of which are known to affect rat 

cells in a manner comparable to nt IL-6. LiF and TGF-BI (Meager, 1998) or n t  

recombinant L I S ,  as human IL-1B does not have effects on rat cells (Meager, 1998). 

Time- and dose-dependent studies on the effects of recombinant IL- 1B and IL-6 on PGP 

protein expression were perfomed for incubation penods 24-120 hr and doses 0-50 



nglml cytokine. Further experiments on PGPlmdrl function and mdr mRNA expression 

were conducted using specific incubation periods and cytokine concentrations determined 

from the preliminary time- and dose-dependence studies: iL-6,24 hr incubation, 5 nglrnl. 

and IL- 1 f3,72- 120 hr incubation. 5- 10 nglml. Time-dependent studies on the effects of 

cytokine treatment on mdr mRNA expression were also conducted with 5 nglrn! cytokine 

and incubation periods as follows: IL-6,O-24 hr; IL- 1 B, 0-73 hr. Cells were also CO- 

incubated with 5 ndml and 10 nglml each of IL-10 and IL-6 and were harvested for 

Western blot analysis after 24 hours. Viability was measured via Trypan Blue staining of 

the cells before and after plating and treatment. Time- and dose-dependent studies were 

also performed on LIF and TGF-pi effects on PGP protein expression for incubation 

periods 24 and 48 hr and doses of 0-25 ng/ml cytokine. After the treatment period 

concluded, the cytokineîontaining medium was removed and cells were harvested by 

trypsinization. As compared to controls (O nglml). cytokine incubations did not 

significantly affect cell viability (assessed by Trypan Blue staining). 

Rationale for Cytokine Time- and Dose-Dependence Studies. Time- and dose-dependent 

studies on the effects of recombinant IL-1 and IL-6 on PGP protein expression were 

performed for incubation periods 24- 120 hr and doses 0-50 ngml cytokine. 

Concentrations were chosen based on data available on physiological cytokine ranges 

(Barriere and Lowry, 1995). and on previously published studies examining the effects of 

cytokines on CYP gene expression. Further experirnents on PGPlmdrl function and mdr 

mRNA expression were conducted using specific incubation periods and cytokine 

concentrations determined from the preliminary time- and dose-dependence studies: IL-6. 



24 hr incubation, 5 nglml. and IL-@, 72-120 hr incubation. 5-10 nglml. TimeAependent 

studies on the effects of cytokine treatment on mdr mRNA expression were also 

conducted with 5 ng/ml cytokine and incubation penods as follows: IL-6,O-24 hr; IL- 1 B, 

0-72 hr. 

Protein Isolation. Cnide membrane proteins were isolated from cultured hepatocytes as 

described previously (Jette et al., 1996). Cells harvested by trypsinization were 

hornogenized in lysis buffer containing 300 m M  mannitol containing 10 rnM Tris-HCI. 

pH 7.1; 1 pg/ml leupeptin. 1 pg/ml pepstatin and 50 pg/ml PMSF with a Polytron tissue 

homogenizer. The homogenates were centnfuged at 3.000 g for 10 min and the 

supernatant was centrifuged at 15,000 g for 30 min. The pellet was reconstituted in 50 

rnM mannitol containing 10 mM Tris-HCI, pH 7.1; 1 pgml leupeptin. 1 pglml pepstatin. 

50 pgml PMSF. 

Western Blotting and Immiinodetection. Western blots were performed as described with 

slight modifications (Jette et al. 1996; Piquette-Miller et al, 1998). Briefly, samples 

containing 3-5 pg of membrane proteins were separated on discontinuous SDS-PAGE 

electrophoresis gels (stacking gel 4% acrylarnide, separating gel 6% acrylamide, SDS- 

PAGE running buffer contains 12 rnM Tris-HCI, pH 8.3, 1.7 mM SDS and 96 mM 

glycine) and transferred to nitrocellulose membranes by electroblotting in transfer buffer 

containing 25 mM Tris. 0.19 M glycine and 20% (v/v) methanol for 1.5-2 hr at 15-20 V 

and 4OC. Blots were washed in TBST solution (140 rnM NaCl, 20 mM Tris-HCI, pH 7.6, 

0.05% Tween-20) and blocked for 1 hr in TBST containing 5% milk powder. Blots were 



then washed 3 times in TBST and incubated in 4 pg/ml antibody C-219 ovemight at 4'C. 

Blots were washed again and incubated for 1.5 hr at room temperature with the secondary 

antibody, horseradish peroxidase ( 1 :4000 dilution of stock solution). The bound antibody 

was visualized using ECL, scanned and quantified using Kodak Digital Science ID 

Image Analysis software (Eastman Kodak). 

Rhodamine 123 Accumulation and Efl i ir  Assay. PGP activity was assayed using the 

fluorescent PGP substrate Rhodamine 123 (Rh123) as previously described (Chieli et al, 

1993). After the appropriate cytokine treatment penod (1-5 days) cells were washed and 

incubated with Rh123 (1  pg/ml) for 15 minutes. The cells were then incubated with 

Rh 123-free buffer, in the absence or presence of verapamil(30 pg/ml). At O and 60 

minutes after removal of Rh 123, the cells were washed three tirnes with cold Phosphate 

Buffered Saline, lysed for 30 minutes using 1N NaOH, neutralized with 1 N HCI and the 

intracellular fluorescence intensity measured with a E T  Deltascan 

Spectrophotofluorimeter (excitation 5 18 nm, emission 532 nm). Intracellular Rh123 was 

corrected on the basis of protein content as assessed by the Bio-Rad protein assay kit 

(Chieli et al, 1993). % Rh123 Efflux is calculated as: 

%Rh123 Efflux = Intracellular Rh 123 (t=û) - Intracellular Rh123 (t=60) x 100% 

Intracellular Rh 133 (t=O) 

PGP mediated efflux was estimated as the fraction of efflux over 60 minutes which was 

inhibited by veraparnil: 



PGP-rnediated efflux = %Rh 123 Efflux (., ,,-l, - % Rh 123 Efflux (, ,,,l, 

While it is known that both Rh123 and verapamil are not entirely specific to PGP 

(references), at the concentrations used in these studies, the affinity of Rh123 for other 

transporters is negligible. Likewise, the ability of verapamil to affect the function of other 

efflux pumps is negligible at the concentrations used. 

RNA Isolation. Total RNA for mRNA stability and nuclear run-on studies was isolated 

from cultured hepatocytes using the single-step guanidinium-phenol method (Chornczynski 

and Sacchi, 1987). Cells were Iyzed in a solution containing guanidmium thiocyanate. 

sodium citrate, N-laurylsarcosine and Zmercaptoethanol (Solution D). then exposed to 2 M 

sodium acetate, pH 4.0. The resulting solution was exposed to a 25050: 1 

phenol:chloroform:isoarnyl alcohol mix. incubated on ice and centrifuged at 10,000 g for 

20 minutes at @C. The RNA layer was then extracted and the RNA precipitated with 

isopropanol at -20°C. The samples were centrifuged again, the RNA pellet was washed 

with ethanol and resuspended in diethyl pyrocarbonate-ireated water. For al1 cytokine 

treatment studies, RNA was isolated using the ~ u i c k ~ r e ~ ~  RNA Extraction Kit according 

to manufacturer's specifications. RNA concentration was quantitated at h=260 nm on an 

UtroSpec 2000 spectrophotometer (Amersham); the yield of total RNA from the rwo 

methods was comparable. 



RNA Integriry Anafysis. RNA integrity was assessed by running 5 pg RNA sample on a 1% 

agarose/formaldehyde gel ( 6 8  formddehyde. 0.02 M MOPS, 0.005 M sodium acetate. 

0.001 M EDTA) for 1 hour at 100 V. staining with SYBR Green II RNA stain (Molecular 

Probes, Eugene. OR), and visualizing under UV transilluminescence. Intact RNA samples 

produced clearly visible 18s and 28s ribosomai RNA bands on the gel, along with a 

smearing characteristic of mRNA species of multiple sizes. 

RT-PCR Anafysis. RT-PCR was performed as follows: single-stranded cDNA was 

synthesized from 0.5 pg total RNA using 0.5 nmol oligo d(T) primers and 50 U MuLV 

Reverse Transcriptase in a buffer containing 50 rnM KCl and 20 rnM Tris-HCI, pH8.3.2U 

RNase inhibitor and 1 mM of each dNïP in a total volume of 20 pl. Sarnples were heated 

at 70°C to denature the RNA; RT was performed for 1 hour at 37 OC, and the sarnples were 

subsequently heated for 10 min at 70 OC to terminate the reaction. PCR was perfomed on 

aliquots of RT product with 2.5 Li Taq polymerase, 50 pmol sense, and 50 pmol antisense 

primer in a reaction volume of 100 pl. The tubes were incubated in a GeneAmp PCR 

system (Perkin-Elmer, Nonvalk. CT) at 94 OC for 3 min to denature cDNA and primers. 

The cycling program was 94OC for 45 sec, 55OC for 30 sec, and 72°C for 75 sec and 

compnsed 30 cycles. Samples were incubated at 72 O C  for an additional 7 minutes after the 

final cycle. For every RT-PCR reaction, GAPDH was used as an internai control. Primer 

sequences for mdrla. mdrlb, mdr2, spgp, IL-6 and GAPDH are reported in Table 3 (Vos et 

al, 1998). Primers were designed by others (Vos et al, 1998, Zhang et al, 1996 to span 

introns of their respective genes. Thus, my genomic DNA contamination is evident by the 

visualization of m anomalous, larger PCR fragment along with the expected product. In 



each experiment, water was used as a negative control. PCR products were loaded ont0 a 

2.0 % agarose gel, mn for 50 minutes at 125 V and stained with SYBR Gold stain 

(Molecular Probes, Eugene, OR). Quantitation was performed by digital image analysis 

using Kodak Digital Sciences 1D image analysis software (Eastman Kodak). Restriction 

digests run according to Table 5 confirmed product identities. 

id en ri di ne Uptake Studies. In order to determine the optimal concentration of 

Actinomycin D (ActD) required to inhibit RNA Polymerase II (Pol LI) mediated 

transcription, hepatocytes plated on 6-well culture dishes were treated with maintenance 

medium supplemented with 5 ng/ml IL6  (controls received medium without cytokine). 

After incubation. the cells were incubated in fresh medium containing 0-50 pgml ActD 

for 1 hour. The cells were then pulsed with medium containing the appropriate 

concentration of Actinomycin D and 5 pCi/ml 5 - 3 ~ - ~ r i d i n e  (Sigma). The cells were then 

washed with PBS to remove excess radiolabel and lysed in a solution containing 

guanidinium thiocyanate. sodium citrate, N-laurylsarcosine and 2-mercaptoethanol (Muller 

et al, 1995). RNA precipitates were then fomed by addition of 5% tricholomacetic acid in 

60 rnM sodium pyrocarbonate to the lysates followed by incubation for 30 minutes. The 

1 ysates were then vacuum filtered through fiberglass filters (Fisher Scientific). The filters 

were washed with 1% tricholoncetic acid solution, placed in 10 ml of CytoScint 

scintillation fluid (Fisher) and counted in a Packard scintillation counter. Inhibition of Pol 

II mediated transcription was proportional to the mount of incorporated radiolabel 

detected by scintillation counting. 



mRNA Stability Studies. Plated hepatocytes were incubated with maintenance medium 

(controls) or medium supplemented with 5 @ml IL-6 (treated samples) for 12 hours. 

After that tirne, the medium was replaced with control or treated medium containing 25 

@ml ActD. Cells were incubated for 0-24 hours in this medium, after which point, the 

cells were lysed and total RNA harvested as described above. 5-10 pg of each RNA 

sample were run in Northem and Slot Blots and detected as described below. The half- 

life and decay profiles of mdrl  a and mdrl b in control and treated ce11 populations were 

generated from the results. 

Probe Constniction for Nonhern Biots. Probes used in Northem Blot analysis were 

constructed as outlined below: Plasmids containing cDNA inserts for mdrla, mdrlb and 

GAPDH were isolated using the QIAGEN plasmid miniprep kit. Probes were first 

restncted as in Table 4. Restriction digests for Northem probes were terminated by 

addition of 6X DNA gel loading buffer and the samples were run on a 2.0% agarose gel. 

Bands of the appropriate size were excised from the gel and the DNA fragments were 

purified using a QIAEX II gel extraction kit. The concentrations of the samples were 

determined by spectrophotometry. 2 pg of probe was then 5' dephosphorylated using calf 

intestine alkaline phosphatase and end-labeled with [ y 3 " ] - ~ T ' ~  using TJ polynuclestide 

kinase. The reaction products were purified wi th a QIAGEN Nucleotide Extraction Kit; I 

pl was counted in a scintillation counter in order to determine the efficiency of radiolabel 

incorporation. 



Probe Construction for Nuclear Run-On Analysis. Probes used in S lot Blot anal ysis were 

constructed as outlined below: Plasmids containing cDNA inserts for mdrla, mdrlb, 

mdr2 and GAPDH were isolated using the QIAGEN plasmid miniprep kit. Probes were 

fint restncted as in Table 4. After linearization. the probes were denatured by addition of 

2 N NaOH for 30 minutes, neutralized by addition of 2 N HCI and boiled. 6X SSC was 

then added to the probes before loading ont0 Hybond N+ membranes. Final volumes of 

500 p1 were loaded with the aid of a Bio-Dot slot blotting apparatus (BioRad 

Laboratones). Membranes were exposed to ultraviolet light to crosslink the DNA, and 

stored at room temperature until ready for use. 

Confinnotion of Probe Function. In order to confirm that the probes for mdrla and 

mdrlb recognize gene-specific regions of their mRNA sequences. sarnples of each probe 

were loaded ont0 Hybond N+ membranes using the Bio-Dot slot blotting apparatus. 

Membranes were prehybndized in hybndization buffer (50% formamide, 6X S S P E .  5X 

Denhardt's Solution. 0.5% SDS, 40 @ml salmon sperm DNA) for at Ieast 1 hour and 

then exposed to fresh hybridization buffer containing denatured cDNA probe. 

Hybridization was allowed to proceed for 24 hours at 42°C. after which the membranes 

were washed in 2X SSC/l% SDS twice for 15 minutes at 42°C. Finally, the membranes 

were washed in O.1X SSCIl% SDS for 10 minutes at 5S°C. nnsed in 5X S S P E ,  and 

exposed to autoradiograph y film for 24 houn. 

Northern Blot Analysis. 5-10 pg of each RNA sample was loaded on a 1.08 

agarose/formaldehyde denaturing gel in 1X MOPS running buffer (0.2 M MOPS. 0.05 M 



sodium acetate, 0.01 M EDTA, pH 7.0). The gel was run at 15 V for 15 hr. It was then 

transferred ont0 a Hybond N+ positively charged nylon membrane by capillary action for 

48 hours. The gel was then stained in 1X TBE containing SYBR Green II RNA stain for 

30 minutes to check transfer efficiency. The membrane containing the nucleic acid was 

then fixed by crosslinking using ultraviolet light, A. = 264 nrn, for 5 minutes, followed by 

air drying. Membranes were prehybridized in hybridization buffer for at least 1 hour and 

then exposed to fresh hybridization buffer containing denatured cDNA probe. 

Hybridization was allowed to proceed for 48 hours at 42'C, after which the membranes 

were washed in 2X SSC/ 1% SDS twice for 15 minutes at 4-C. Finally, the membranes 

were washed in O. 1X SSC/l% SDS for 10 minutes at 5S°C, rinsed in 5X SSPE, and 

detected on an Ambis 4000 radiometric detector (Scanalytics, CA). 

Slot Blot Analysis. 5-10 pg RNA sample were dissolved in ice-cold 10 mM NaOW 1 rnM 

EDTA solution to a final volume of 500 pl, then applied using a BioRad Bio-Dot slot 

blotting apparatus to a Hybond N+ membrane presoaked in DEPC-treated water. After 

application of the samples, the wells were washed with an equal volume of 10 rnM 

NaOWl rnM EDTA solution. The blots were then crosslinked under UV as described 

previously, air dried and stored until ready for use. Hybridization and detection were 

performed as descnbed above. 

Isolation of Nucleifrom Cttltured Hepatocytes. Cells were treated with 5 ng/ml IL-6 for 

approxirnatel y 20 hours, then isolated for transcription anal ysis as descnbed previousl y 

(Hill et al. 1993: Lee et al, 1995: Muller et al, 1995). Briefly, cells plated on 150 mm 



culture dishes (Nunc brand, Gibco B K )  were lyzed by addition of PBS containing 1.5% 

Triton X-100, followed by scraping. Cells from three dishes were pooled and centrifuged 

at 2000 rpm for 10 minutes and the pellet collected. The pellet was then resuspended in 1 

ml Lysis Buffer (10 mM Tris-HCl pH 7.5, 10 mM NaCI. 10 mM dithiothreitol, 3 mM 

MgC12, 1% Triton X-100) and centrifuged at 500 g for 5 minutes at 4°C. The resulting 

pellet was washed in Storage Buffer (20 m l  Tris-HCl pH 8.0. 100 rnM KCI, 5 mM 

MgC12, 2.5 rnM dithiothreitol, 0.1 rnM EDTA, 40% glycerol). The final pellet was 

resuspended in 200 pl Storage Buffer. frozen in liquid nitrogen and stored at -70°C until 

ready for use. 

Animal Treatmenr. Male Spngue-Dawley rats (250-300 gram) were dosed 

subcutaneously with 0.5 mi turpentine (or saline solution: controls) at O hr and 24 hr. and 

sacrificed approxirnately 3 hr after the second injection. The turpentine mode1 of AI used 

has been outlined previously (Pak, 1998; Piquette-Miller et al, 1998). Preliminary time- 

dependent studies presented in Pak, 1998 indicated that the fint evidence of decrease in 

mdr mRNA levels takes place a little over 24 hours after the fint turpentine injection, or 

just after the second injection. Thus, we chose to examine the effects that turpentine- 

induced AI had on mdr gene transcription rates 3 hr after the second iurpentine injection 

and 27 hr after the first. 

Isolation of Nucleifrom Whole Rat Liver. Nuclear isolation was canied out based on 

protocols adapted from Tukey and Okino (1991). The liver was isolated, rinsed in 0.5 M 

Sucrose T'KM (STKM; 50 mM Tris-HC1 pH 7.420 mM KCI, 5 m .  MgC12, 0.5 M 



sucrose), blotted dry and weighed. Livers were minced in 30 ml 0.5 M STKM. The 

resulting suspension was added to 20 ml 0.5 M STKM and homogenized using a Polytron 

homogenizer with a blunt probe. The homogenate was then layered over 0.88 M STKM 

(50 mM Tris-HCI pH 7.4,20 m M  KCI, 5 mM MgCl?, 0.88 M sucrose) and centrifuged at 

2000 g for 15 minutes at 4OC. The pellet was resuspended in 0.5 ml 0.88 M STKM, and 

2.1 M STKM (50 rnM Tris-HCI pH 7.4.30 rnM KCI, 5 mM MgCI2, 2.1 M sucrose) was 

then added to the resulting suspension. to a final volume of 25 ml. The samples were 

centrifuged at 20 000 g for 70 minutes at 4°C. The resulting pellets were resuspended in 8 

ml 2 M STKM/ZO% glycerol(50 mM Tris-HCI pH 7.4. 20 rnM KCl, 5 mM MgCl?, 2 M 

sucrose, 20% glycerol), layered over 3 ml 2 M STKM/ZO% glycerol and centrifuged at 7 1 

M)O g for 70 minutes at 4OC. The final pellet was resuspended in 200 pl Glycerol Storage 

Buffer (20 mM Tris-HCI pH 8.0. 10 mM MgCI2, 1 rnM MnCl2. 200 mM 2- 

Mercaptoethanoi, 140 rnM KCl, 20% glycerol) and stored at -70°C until ready for use. 

Nuclear Run-On Anabis: Measurement of Gene Transcription Rates. In vitro 

transcription reactions were carried out using protocols adapted from Tukey and Okino 

(199 1). 200 pl 2X Reaction Buffer (7.5 mM Tris-HCI pH 8.0,3.75 rnM MgCI2, 225 rnM 

KCI, 1.5 rnM ATP, 0.75 rnM CTP, 0.75 rnM GTP, 37.5 pM UTP,  10 pg/rnl creatine 

phosphate. 10 pg/ml creatine kinase. 5 rnM dithiothreitol, 35 pg/ml nbonuclease 

inhibitor, 250 pCi [c~-~'P]-uTP) was added to thawed nuclei and the in vitro transcription 

reaction was allowed to proceed for 60 minutes at 30°C. RNA was isolated frorn the 

transcription reactions (see RNA Isolation) and counted in the scintillation counter. 

1 .Ox 1o6 cpm RNA were loaded ont0 each membrane as follows: hybridization buffer (5X 



SSC, 50% formamide, 100 pglml denatured salmon spem DNA, LOO pg/ml tRNA, 50 

mM Tris-HCI pH 7.5,5 rnM EDTA. O. 1% sodium pyrophosphate, 1% SDS. 0.2% 

polyvinylpyrrodiline, 0.2% Ficoll, 0.2% BSA) containing the RNA isolated from the 

transcription reactions was added to membranes containing probe. prehybridized 

beforehand for 3 houn in hybridization buffer. Hybridization was allowed to proceed for 

3-5 days after which the membranes were washed repeatedly. Membranes were then 

exposed to autoradiography film for 72 hr. Based on those images, regions of the 

membrane containing the hybridized probe and RNA were excised based on their 

predeterrnined locations at the time of loading, and counted in the scintillation counter. 

Plosrnids. The cDNA fragments used in our expenments were generated as follows: 

mdrla and mdr2 were subcloned into the pGEM7zf vector, while nidrlb and GAPDH 

were subcloned into the pT7Blue vector. Dr. J.A. Silverman provided plasmids 

containing insens. The pUC19 vector used for the cloning of the mdrlb promoter 

fragment was obtained from MBI Fermentas. 

Generarion of mdrlb Promoter Fragment. Sequences for the promoter regions of mdrlb 

(Silveman and Hill, 1995: GenBank accession #L16546) were conpared to those for the 

full-length mdrlb cDNA (Silverman et ai, 1991; GenBank accession #M8 1855) in order 

to determine the location of the transcription start site at +l. Primen were then designed 

for the 442 base pair region -414 to + 29, incorporating Eco3 1 1  restriction sites for easy 

cloning into the BamHI and Hindiil sites of the pUC19 vector (as outlined in the 

DoveTail PCR Produc t Cloning Kit, MB 1 Fermentas). 



Forward primer 5'-CGGTCTCAAGCTTAAAAGCAGTGCTGTCAGAAGG-3' 

Reverse primer 5'-CGGTCTCGGATCCTTGAGCTGAGCCTCGAAGA-3' 

Sequences in bold are complementary to the ends of the promoter region to be amplified. 

Genornic DNA isolated from rat liver cells using the QIAGen DNeasy genomic DNA 

isolation kit was amplified using the above pnmers in a two-stage "touchdown" PCR 

cycling protocol designed as follows: 94OC. 45 sec, SOC, 45 sec, 72OC. 75 sec for 10 

cycles, followed by 94"C, 45 sec, 63OC. 45 sec, 72OC. 75 sec for 25 cycles. PCR product 

was purified using the QIAGen PCR product purification kit, and its identity tested by 

sequence anal ysis and restnction digestion. The promoter fragment was subsequen ti y 

cloned into the pUC 19 vector (restnction map online at 

http://www. fermentas.comltec hin foMucleic Acids/mauc 18 19.h tm, sequence online at 

htt~:llwww,fermentas.corn/techinfo/NucleicAcids/sequences/uc 19.txt. GenBank 

accession #Lû9 137) digested with BamHI and HindIII and dephosporylated with calf 

intestinal alkaline phosphatase as follow s: The PCR product was subjected to digestion 

by Eco3 11, purified. and ligated with vector digested with BamHI and HindIII. The 

resulting Iigation product was transfomed into competent DHSa E. coli cells using the 

TransformAid bacterial transfomation kit (MBI Fermentas), according to manufacturer's 

protocols, and plated on LB agar plates seeded with ampicillin, X-Ga1 and IPTG. Positive 

transformants were screened for via blue-white screening. 

Isolation of Nriclear Protein Eriracts. Nuclear protein was obtained from previously 

isolated whole nuclei or from isolated hepatocytes according to the method outlined by 



Zhou and Kuo (1997). Briefly, cells were washed in iceîold LX PBS, resuspended in 5 

packed ce11 volumes (pcv) Buffer A (10 m M  HEPES, pH 7.9,O.l rnM EDTA, 0.1 mM 

EGTA, 10 mM KCI, 0.74 m M  spermidine, 0.15 m M  spermine, 1 rnM DTï and L % 

Sigma Protease Inhibitor cocktail) and incubated on ice for 10 minutes. Pellets were spun 

down at full speed in a microcentrifuge and resuspended in 2 pcv Buffer A. Sarnples were 

lyzed by vortex disruption, and 0.1 volumes 68% RNase-free sucrose was mixed with the 

ce11 lysates. The samples were spun at 16,000 g, 30 sec, 4OC. pellets were washed with 

Buffer A, resuspended in 2/3 volumes Buffer B (20 m M  HEPES, pH 7.9,0.42 M NaCl, 

1.5 mM MgCl?, 25% glycerol, 0.7 mM EDTA, 0.2 mM DTT and 1% Sigma Protease 

Inhibitor cocktail) and agitated at 4OC for 30 minutes. The samples were then spun at 

15,ûûûg. 4OC, 6 minutes and the supernatants (nuclear protein fraction) removed and 

stored at -80°C. Protein quantitation was done using the BioRad protein quantitation kit. 

Generution of Radiolabeled mdrl b Promoter Fragment for Gel Shifis. Plasmids 

coniaining the mdrlb promoter fragment insert were isolated from positively tnnsfonned 

E. coli grown up in ovemight culture using the QIAGen Plasmid Isolation Kit. 

BamWHindIII fragments containing the insert were dephosphorylated with cnlf 

intestinal alkaline phosphatase and end-labeled with [ y - 3 ' ~ ] - ~ ~ ~  using T4 polynucleotide 

kinase (both obtained from MBI Fermentas) according to the manufacturer's instructions. 

Excess radiolabel was removed by purification through the QIAGen Nucleotide 

Extraction Kit. The resulting product was purified in Buffer B (20 rnM HEPES, pH 7.9, 

0.42 M NaCl, 1.5 mM MgCI2, 25% glycerol, 0.2 mM EDTA. 0.2 m .  DTT) using a Bio- 

Rad P30 spin column. 



Gel Shifl Assays. Radiolabeled mdrlb promoter fragment was incubated with control and 

treated nuclear protein fractions in the presence of bovine semm albumin and 

poly(dI).poly(dC) duplex for 1 hr at 37°C (total reaction volume 7 pl). 6X DNA Loading 

Buffer (40% glycerol plus bromophenol blue and xylene cyanole) was added at the end of 

the binding reaction. and the sarnples were loaded ont0 12% acrylarnide gels. Gels were 

run at 150V for 75 min in LX TBE running buffer. Gels were then dried and 

electrophoretic bands detected on an Ambis 3000 radiometric detector (Scanalytics. CA). 

Statistical Analysis. A sample number of n=3-7 sarnples (culture dishes for al1 in vitro 

studies), isolated from at least two different experiments, was used for al1 experiments 

and treatment conditions. Al1 gel images were scanned, analyzed and quantitated using 

Kodak 1D Image Analysis Software. Statistical analysis was perfonned using Microsoft 

Excel97 and Siorna Plot 4.012000 software. S tudent's t-tests (unpaired, two-sample. 

unequal variance with two-tailed distribution) were run on al1 results obtained: pc0.05 

was taken as the significance level. 



Gene 

nzdrl a 

mdrl b 

mdr2 

SPgP 

GAPDH 

IL-6 

Sequence 

FWD 
REV 

EWD 
REV 

rn 
REV 

FWD 
REV 

FWD 
REV 

m 
REV 

5'-GAT GGA ATT GAT AAT GTG GAC A-3' 
5'-AAG GAT CAG GAA CAA TAA A-3' 

5'-GAA ATA ATG CTT ATG AAT CCC AAA G-3' 
5'-GGT TTC ATG GTC GTC GTC TCT TGA-3' 

5'-AAG AAT TTG AAG TTG AGC TAA GTG A-3' 
5'-TGG TTT CCA CAT CCA GCC TAT-3' 

5'-GAG GTT ACT TAA TAG CCT ACG-3' 
5'-CAT CTA TCA TCA CAG TTC CC-3' 

5'-CCA TCA CCA TCT TCC AGG AG-3' 
5'-CCT GCT TCA CCA CCT TCT TG-3' 

5'-CTT CCA GCC AGT TGC CTT CT-3' 
S'-GAG AGC ATT GGA AGT TGG GG-3' 

Product 
S ize 
(bp) 

35 1 

325 

143 

413 

580 

496 

Table 3. PCR primers used in the studies described herein and their expected product 

sizes. 



Northern and Slot 
Blotting for mRNA 

S tability S tudies 

Gene 

mdrl a 

mdrl b 

GAPDH 

Plasmid Restriction Conditions 

pGEM7zf ApaVSacl double digest 

pï7B lue EcoRI/HindIII double 
digest 

pT7B lue EcoRI/HindIII double 
digest 

Slot Blotting for 
Nuclear Run-On 

Analy sis 

Gene Plasmid Restriction Conditions 

mdrla pGEM7zf Linearization with A p d  

mdrlb pT7Blue Linearization with EcoRI 

mdr2 pGEM7zf Linearization with ApaI 

GAPDH pT7B lue Linearization with EcoRI 

Table 4. Restriction conditions used in cDNA probe construction for mRNA stability and 

in vitro transcription studies. 



4. RESULTS 



4. Results 

4.1 Experimental Validations 

Validation of Semi-Quantitative RT-PCR. In order to optimize RT-PCR for maximum 

sensitivity and accuracy, calibration curves plotting yield of product (in optical density 

[OD] units, or in ternis of band mass in ng of PCR product) versus amount of starting 

template were constructed for each gene product examined. These curves were 

constructed weekly for each experimental run of RT-PCR. After log transformation (see 

Section 5.  l), the calibration curves exhibited characteristic "S"-shaped profiles with 

plateaus at the low (usually not visible) and high extremes of starting template, and a 

linear portion in the middle ranges. The amount of starting RT template was obtained 

from this "linear range," thus allowing us to quantitatively measure the yield of RT-PCR 

product. Use of insufficient quantities of template results in signals which are below the 

detection threshold, whereas, excessive quantities of template resulted in a nonlinear 

yield of PCR product. Thus, data obtained from either case is not quantitative. The 

calibration curves for the gene products tested in this project are presented in Figures 4.1 

through 4.9 (untransfomed calibration curves: GAPDH. Figure 4.1 : mdrla. Figure 4.3: 

mdrlb, Figure 4.5; spgp, Figure 4.8; log-transformed calibrations curves: GAPDH. 

Figure 4.2: rndrla, Figure 4.4; mdrlb, Figure 4.6; spgp, Figure 4.9). GAPDH required 

12- 16 points along the calibntion curve for linear range determination, whereas 

intermediate copy genes (mdrlo. mdrlb. spgp) only needed 6-8 points. In the majority of 

RT sarnples, we had dificulty detecting signals from mdr? (Figure 4.7). likely due to a 

very low copy number of mRNA molecules. Samples isolated from wholr rat livers 



produced easily detectable mdr2 signal. suggesting that our ce!! cu!:are cystem does not 

express hi& quantities of mdr2. 

Optimal concentrations of PCR template were defined to be those concentrations lying in 

the rniddle regions of the linear portion of the PCR calibration curve. Use of these 

concentrations thus ensured that the PCR reaction was exponential in nature, and that a 

correlation between the final amount of PCR product (namely, the intensity of the band in 

a gel) and the initial mount of template RNA molecules exists. Thus, the optimal 

concentrations of RT-PCR template were determined to be as follows: GAPDH, 12.5 ng. 

mdrla. LOO ng, mdrlb, 50 ng and spgp, 50 ng. Values are reported as ng of RNA 

template used in the RT reaction. Since mdr2 was often undetectable in Our samples. no 

calibntion curve could be consistently obtained and hence. it was not included in the 

experimental PCR reactions. 

By ninning special mass-intensity and molecular weight standards in a gel alongside 

experimental sarnples, it is possible to convert the yield of product in OD units to mass of 

product. Figures 4.10 and 4.1 1 (see also Table 6) illustrate such a "mass-intensity 

calibntion" which also exhibited a characteristic profile sirnilar to those presented in 

Figures 4.14.9. For masses within the range of 1-100 ng of DNAJband. there was a linear 

correlation with the resulting intensity. The mas-intensity profile shown is that utilizing 

the SYBR Gold nucleic acid stain (Molecular Probes. Eugene, OR). 



Verimtion of PCR product identities. The identities of PCR products were confirmed by 

restriction fingerprinting, using 4 different restriction enzymes (AM, BsuRI, Csp61, 

Mph11031) as outlined in Table 3. A cornparison of expected and actual band sizes is also 

presented in Table 5. A representative gel of restriction digests of GAPDH, mdrla and 

mdrlb is shown in Figure 4.12. In order to get an appropriate resolution of the higher 

molecular weight bands, low molecular weight products ( 6 0  bp) were allowed to run off 

the gel. As a negative control, undigested PCR product is run in Lanes 3 (mdrla), 6 

(mdrlb) and 9 (GAPDH). Lanes 2 ,4 ,5  and 7 contain bands which are the same size as 

the undigested PCR product, suggesting that there was incomplete digestion of the 

sample. 

Verification of cDNA Probe Specificity. In order to confim specificity of cDNA probes 

used for our hybridization studies, Northem blots were m .  The results from these 

specificity experiments are shown in Figure 4.13. A single band of approxirnately 4 kb 

(expected size: 4.25 kb [Silverman et al, 199 1 ,  GenBank accession #M8 18551) was 

observed for mdrlb. A single band was seen for mdrla (approximate size 4.4 kb): and for 

GAPDH, a band at approximately 1.2 kb (expected size 1-19 kb [Zheng and Ramirez, 

1998; GenBank accession #AF106860]) was seen. Since the mdrla and mdrlb mRNA 

species appeared to have such a similar molecular weight and gel mobility, we examined 

whether the mdrl a probe would recognize a known mdrl b sequence, and vice versa, 

using the cDNA probes isolated from piasmids. DNA dot blots were run according to the 

methods, and, as shown in Figure 4.14. the mdrla cDNA probe does not recognize either 



plasmid or mdrlb sequence. The converse is also true: the mdrl b probe does not 

recognize plasmid sequences or the mdrla cDNA sequence. 

As we had difficulties with sensitivity with detecting nrdrla and mdrlb on Nonherns, and 

as mdrla. mdrlb and GAPDH demonstrated high degrees of specificity, slot blots. which 

are substantially more sensitive than Northern blots, were used to analyze mdrl mRNA 

levels in Our mRNA stability studies. 

4.2 Controls for PGP expression in hepatocyte cultures 

Induction of PGP expression with tirne in cultiire. Previous reports have indicated that the 

expression of PGPlmdrlb in pnmary rat hepatocyte cultures is induced over time in 

culture (Lee et al, 1993). Thus. in order to establish proper controls for the projects 

described herein, the induction of PGP expression at protein and rnRNA levels was 

followed over a time course of up to 48 hours. PGP protein levels were found to increase 

by 1.5-fold in cells cultured for 48 hr, as compared to cells cultured for 24 hr (Figures 

4.15.4.16). Consistent with previously reponed results (Lee et al, 1993: 1995). we 

observed that this increase is in part due to the 1.9-fold induction of nidrlb mRNA levels. 

Surprisingly, we also observed a 2.6-fold induction of mdrla (Figure 4.17) over the fint 

14 hr of culture. The expression profiles of the mdrl genes over the 24-hour period tested 

for these experiments follow patterns of exponential increase. and could be fitted to the 

equations: mdrla, y=0.948+(8.68x 10-~)(1.13)" (correlation coefficient, ed.9985, Figure 

1.17): nldrlb, y=-1.17x10'+(1.19x10")(l.~~1)X (+=0.951. Figure 4.18). Induction of 

mdrl mRNA and PGP protein levels correlated with an increased efflux of Rh123 (Pak. 



1998). We observed an approximately 3-fold increase in PGP/nrdrl efflux activity in 

cells cultured for 72 hr as compared to cells cultured for just 24 hr, as measured by 

veraparnil-inhibitable Rh 123 efflux (Figure 4.19). 

We found it difficult to include time O controls for the PGP expression and function 

studies delineated above. As RT-PCR is more sensitive than either the Western blot or 

the Rh123 efflux assay, we were able to easily detect mdr rnRNA levels at our time O. 

However, we were unable to measure Rh133 efflux at that time; nor were we able to 

obtain data on PGP protein expression at O hours in culture. 

Relative ievels of expression of the mdr gene fandy. In order to assess the relative 

contributions of the mdr genes to PGP protein expression. we measured the relative levels 

of expression of the rndrla. mdrlb and mdr2 genes, as well as the bile salt transporter 

spgp, in culture. A representative RT-PCR gel for this analysis is shown in Figure 4.20. 

While mdrlb was observed to be the major product present in the cells. mdrla and spgp 

were moderately expressed as well. On the other hand. mdr2 was not found to be 

significantly expressed in cultured hepatocytes. In the majority of samples, mdr2 could 

not be detected by RT-PCR analysis. 

4.3 Effects of Culture Conditions on Viability of Cultured Rat Hepatocytes 

Effect of Culture Tirne on Ce11 Viabil-. As rneasured by Trypan Blue staining, the 

viability of hepatocytes in culture decreases in a tirne-dependent manner (Figure 4.21). 

Ce11 viability at the time of plating was typicdly 80-90%, with a mean value of 87.01%. 



Viabilities after 24-72 hr incubation periods are significantly different from the plating 

viability (decreases of 38-62%, relative to the plating viability, are evident over this time 

period, p4.05, Figure 4.21). No alterations in ce11 density in conjunction with ce11 death 

were evident. 

Effect of Treamtent Conditions on Relative Cell V iab i l i~ .  No significant effects on ce11 

viability were observed upon altention of ce11 treatment conditions. However, several 

trends were noticed. Relative to the non-treated controls with the same culture period. 

cells cultured in the absence of DEX exhibited a trend of decreased viability over time 

(24-72 hr 6-27% reduction relative to controls, Figures 4.22,4.24). Signi ficant changes in 

ce11 viability within the first 24 hr of culture were rarely seen: IL-6 (5 ng/ml) and ActD 

( 10-50 nglml) both tended to slightly increase ce11 viabilities after 24 hr incubation. 

although, again, this trend did not approach significance (6-33% increased viability 

relative to controls, Figure 4.22). Similar to IL-6, L E  (IO nglml) tended to increase ceIl 

viability (7-17% increase, 2448 hr incubation, Figures 4.27.4.23). while TGF-pi (10 

nglml) tended to cause a reduction in ce11 viability (2- 16% reduction, 24-48 hr 

incubation, Figures 4.22.4.23). IL-1$ (5 nglml) also tended to cause reductions in 

viability after 72 hr (28% reduction in viability relative to controls. Figure 4.24). 

Concentration-dependent effects of the above treatments were not fully exarnined due to 

cytokine cost and availability. 

Effects of Treatment Conditions on Cell Metabolic Activiy. While iL-6 ( 5  ng/ml. 14 hr) 

treatment had no appreciable effect on GAPDH mRNA expression, IL- 1 (5 nglml. 72 



hr) and TGF-BI (10-25 @ml, 24 hr) significantly decreased GAPDH mRNA levels. by 

approximately 50% relative to controls in each treatment condition. as determined by RT- 

PCR analysis (Figure 4.25). As this finding affected the RT-PCR analysis of the mdr 

genes in sarnples obtained from cells treated as above. expression of the 18s and 28s 

nbosomal RNA molecules, as evident in RNA denaturing gels, was exarnined as 

additional controls for those samples. We observed no effect of cytokine treatments on 

rRNA expression in our culture system (shown in Figure 4.26 for IL- 1B treatment). 

4.4 Effects of the IL-6 FamiIy of Cytokines on PGP Expression and Activity 

4.41  IL-6 

PGP Protein Expression. As compared to controls, immunodetectable levels of PGP were 

significantly reduced in L-6 treated cells after 24 hours of incubation. A 20-38% reduction 

in PGP protein levels was observed in IL-6 treated cells. with a maximal suppression 

occumng at a concentration of 5 n g h l  (Figures 4.27 and 4.28). This suppression was 

significant over the concentrations of 1 to 10 nglml, however diminished levels of PGP in 

25 or 50 ngml IL-6-treated cells did not reach significance. On the other hand. longer 

incubations (48-72 hr) were associated with an induction, rather than a reduction, of PGP 

levels (Pak, 1998). 

PGP Functional Activiiy. As compared to controls, the veraparnil-inhibitable efflux of 

Rh 123, which is representative of PGP transport activity, was substantially reduced in IL- 

6 treated cells (Figure 4.19). Indeed Rh123 efflux was often below the limit of detection 

in cells treated with 5 n g / d  IL-6. 



E?Epression of the mdr genes. As compared to controls, significant reductions in mdrlb 

rnRNA levels were seen at 24 hours in 5 nglml IL-6 treated cells (Figure 4.29,4.3 1). 

Detectable levels of mdrla also demonstrated a downward trend in the treated cells, 

however this decrease did not reach statistical significance (Figure 4.29,4.3 1) .  On the 

other hand, mRNA levels of spgp were not significantly different between control and 

treated cells (Figures 4.30 and 4.3 1). The time-dependent effects of IL-6 on mdrla and 

mdrl b mRNA expression are shown in Figures 4.32 and 4.33, respective1 y. 

Influence of IL-IP and Dexamethasone an IL-6-treated Cells. The influence of IL- 1 on 

IL-6 mediated effects was examined in hepatocytes CO-incubated (24 houn) with 5 ng/ml 

of each cytokine. As compared to either controls or to cells that were treated with IL- l p  

or IL-6 alone, drarnatic reductions in the irnmunodetectable levels of PGP were seen in 

cells treated with both cytokines (Figures 4.34-4.36). The reductions in protein 

expression did not yield corresponding changes in mRNA as cells CO-incubated with IL- 

l p  and IL-6 did not display significant changes in mRNA levels of mdrla. mdrlb or spgp 

(Figure 4.3 1). Furthemore, reductions in PGP protein expression are only evident over a 

narrow concentration range centered on 5 nglml IL-6 and IL- lb  (Figures 4.34 and 4.35). 

DEX inclusion and exclusion had only moderate effects on IL-6 mediated changes in 

PGP expression. Reductions in the immunodetectable levels of PGP were observed in L- 

6 treated cells that were cultured with either DEX-free or standard media, however IL-6 

treated cells cultured in DEX free medium displayed only a 20% reduction in PGP levels 



relative to controls. Furthemore, as compared to controls, no significant changes in PGP 

expression were seen in IL-6 treated cells that were cultured with 250 nM DEX (Figures 

4.37.4.38). 

4.4.2 Leukemia Inhibitory Factor 

Efecrs afer 24 hr. A moderate and non-significant reduction in PGP expression was 

observed on treatment with LIF (10 nglml) d e r  24 hours (Figures 4.39,4.40). However, 

higher concentrations (25 nglml) or longer incubations (48 hr) negated this effect (Figure 

4.42). The effect of 10 ng/ml LIF after 24 hours incubation on mdrla. mdrl b and spgp was 

examined by RT-PCR. A moderate reduction in spgp M A  levels (to approximately 75% 

relative to controls) was seen, but there was no appreciable alteration in mdrl rnRNA levels 

(Figure 4.4 1 ) . 

Effects @er 48 hr. An induction in PGP protein expression was seen after 48 hr incubation 

with LIF (Figure 4.42). Differences in PGP expression between the control and treated 

samples indicated a large (> 10-fold) induction. Furthemore. PGP levels in treated samples 

were often beyond the linear quantitation range of the autoradiographs. Similarly, after 48 

hours incubation with 25 n g h l  LE, a large induction (>IO-fold) was seen in both mdrla 

and nldrlb mRNA levels (Figure 4.43). Again. more accurate estimates of the extent of 

induction proved difficult, as the RT-PCR linear ranges for control sarnples differed 

extensively from those for treated samples. 



4.5 Effects of IL-le on PGP Expression and Acüvity 

PGP Protein Erpression. Incubation of hepatocytes for 3-5 days with IL- l p  appeared to 

influence the C-2 19 immunodetectable expression of PGP. As compared to controls, 

significant reductions of 32-75% (p4.05) were seen in cells treated with 1-25 nglml IL- 

1B after 3 days, with maximal suppression occumng at a concentration of 5 @ml 

(Figures 4.46 and 4.47). A diminished expression of PGP was also apparent at IL- 1 

concentrations of 50 @ml, however this difference did not reach statistical significance. 

Significant reductions in PGP expression were still maintained after 5 days of IL-lp 

incubation with 1 nglml(64 f 9.1 % decrease from control values, n=5, pcû.05) to 10 

@ml (17 k 5.5 % reduction, n=7. p c 0.05. Figure 4.48). Significant effects on PGP 

expression were not seen in cells that were only treated for 24 hours of IL- 1 B incubation 

(greatest extent of reduction - 15% relative to controls, Figures 4.44 4.45). 

PGP Funcrional Activity. The influence of IL-IP on PGP mediated transport activity was 

initially examined in hepatocytes treated with 10 nglrnl IL-LP. Relative to controls, 

significant reductions in the PGP-mediated efflux of Rh123 were seen after 3 and 5 days 

of IL- 1B treatment (Figure 4.19). Furthermore. significantly higher (34% greater than 

controls, p4.05) initial accumulations of Rh 123, indicative of diminished PGP function, 

were also observed in IL- LB treated celis. 

Expression of the mdr genes. As compared to controls, IL- 1p treatment (72 hours. 5 

ng/ml) did not elicit significant effects on mRNA of mdrla or mdrlb. Furthermore. IL-1B 

did not signiticantly alter levels of spgp mRNA (optical densities of RT-PCR products 



were 93 f 1 0 8  that of controls, Figure 4.49). Similar to untreated cells. mdr2 mRNA 

expression was not detected. The time course of mdrl gene expression with IL- I B 

treatment is presented in Figures 4.50 and 4.5 1. While the 72 hr results are misleading 

due to the alteration in GAPDH expression (Figure 4.25), two points are evident: IL-l$ 

has little to no effect on mdrl mRNA levels; and the induction of the mdrl genes evident 

in Figures 4.17,4.18.4.32 and 4.33 reaches a plateau after the first 24-36 hr in culture. 

Furthemore. RT-PCR analysis did not detect differences in IL-6 mRNA levels between 

control and IL- 1 p-treated cells (5 @ml. 72 hr). Indeed, IL-6 was not expressed at al1 in 

either control or IL- l p  treated cells. 

4.6 Effect of Transforming Growth Factor-p on PGP Expression 

PGP Protein Expression. The effect of TGF-BI on PGP expression was examined after 

24 hour and 48 hour incubation periods. After 24 houn. a significant induction of PGP 

expression relative to controls was seen with 1 - 10 ng/ml treatrnent (Figures 4.52. 4.53). 

Higher concentrations (25 ng/ml) did not significantly affect PGP expression. This was 

associated with an ovenll reduction in both ce11 viability and GAPDH expression (Figure 

4.25). suggesting that impaired metabolic function and increased cell death may be 

responsible. In addition, the effect of TGF-BI seemed to be transient, as 48 hour 

incubation periods did not show any significant trends in PGP expression (Figures 4.55, 

4.56). Again. this may be due to increased ce11 death, which may serve to mask changes 

in protein expression. 



Expression of the mdr genes. The effect of TGF-pi (10 and 25 ng/ml) on the expression 

of the mdr genes was exarnined after 24 hours. As expected, at the higher concentration, 

no significant effect was seen on mdrl rnRNA expression. A comparison of the intensity 

values for spgp and the mdrl  gene products in control vs. 10 @ml TGF-pl-treated 

samples suggested that TGF-pl had no effect at the level of mRNA expression (Figure 

1.54). However, the expression of GAPDH was significantly impaired at 24 hr (to 

approximately 55% relative to controls), suggesting that at this concentration, 

housekeeping functions of the cells may be suppressed. in addition to enhanced ceIl 

death. This decrease in GAPDH was not seen in sarnples incubated for 12 hr, suggesting 

that it may be a phenornenon dependent on incubation period. 

4.7 Molecular Mechanisms of IL-6 Mediated Effects on PGP Expression 

4.7.1 mRNA Stability S tudies 

Actinomycin D Optimization Studies. In order to determine the amount of ActD required 

to specifically inhibit Pol II tnnscriptional activity, an optimization study was nin on 

control and 5 ng/ml treated cell populations as outlined in the methods. The results from 

these studies are displayed in Figures 4.57 (control ce11 populations) and 4.58 (5 nglml 

IL-6 treated ce11 populations). Based on these experiments, concentrations of 25 pgml 

ActD, which inhibited 3 ~ - ~ r i d i n e  uptake by -80% in both senes of experiments, was 

chosen for use in the mRNA stability studies. 

Effects of lL-6 on mdrl mRNA Stability. As IL-6 was found to elicit a decrease in the 

mRNA levels of rndrla and mdrlb mRNA, we sought to identify the moIecular 



mechanisms responsible for this effect. As reductions in mRNA levels could result from 

changes in mRNA stability or in gene vanscription rates, we thus analyzed the relative 

decay profiles of the mdrl genes. Slot blots for mdrla and mdrl b are presented in Figure 

4.59. The decay profiles for mdrla are presented in Figure 4.60. Those for mdrlb are 

shown in Figure 4.61. Expression levels are presented as a fraction of the O-hour means. 

These results indicate that neither mdrl a nor mdrl b were significantly altered by IL-6 

treatment. 

4.7.2 Transcription Rate Studies 

Effecrs of IL-6 on nidrl Gene Transcription Rates. As concentrat 

were found to significantly reduce mdrl mRNA levels. we examined the effects of 5 

n g h l  IL-6 treatment had on mdr gene transcription rates in vitro in cultured rat 

hepatocytes. As shown in Figure 4.62. after a 20 hr incubation, mdrla transcription rates 

in IL-6 treated samples were suppressed to approximately 22% relative to control 

samples; mdrlb to approximately 26% relative to controls and mdr2 to approximately 

14% relative to controls. The transcription rates of spgp were not exarnined. 

Effect of Ai on mdr Gene Transcription Rates in vivo. Previous results from our 

laboratory indicated that PGP expression and activity were decreased in rat livers 

exposed to turpentine-induced AI (Piquette-Miller et al, 1998). In fact, al1 work done with 

induction of AI by turpentine injection has indicated that expression of the mdr pnes is 

reduced by this treatment (Hartmann et al. in press; Piquette-Miller et al, 1998). This is in 

contrast to results obtained with LPS, which suggested that mdr rnRNA expression was 



induced by LPS treatment (Vos et al, 1998). We therefore examined the effect of 

turpentine-induced AI on the transcription rates of the mdr genes in vivo, by nuclear run- 

on analysis. As shown in Figure 4.63, turpentine-induced AI reduced the transcription 

rates of mdrla by approximately 524%. mdrlb by 34% and mdr-7 by 5%. The 

transcription rates of spgp were not examined. 

Transcription Factor Binding. initial studies Iooking at the alterations in transcription 

factor binding to the mdrlb promoter region were initiated. We examined the effects of 

AI on the activity of transcription factors via their binding to a fragment of the rat nidrlb 

promoter. We first subcloned this fragment (-415 to +26, where the transcription start site 

is +1) as descnbed in the methods. Confirmation of probe identity was done by blue- 

white screening, restriction digests (Figure 4.65, Table 7), PCR (Figure 4.64) and 

sequence analysis (DNA Sequencing Centre, Hospital for Sick Children, University of 

Toronto). Gel shift assays (GSAs) were run using nuclear protein isolated from control 

and turpentine-treated nt Iiven and radiolabeled probe. as outlined in the methods. A 

single, discrete band signifying the formation of a DNA-protein complex. was observed 

in the control samples (Figure 4.66). As compared to controls, treated samples did not 

exhibit an altered band migration pattern, but exhibited 2-3-foId induction in the single 

DNA-protein complex band intensity (354% after 24 hr turpentine exposure, and 237% 

after 18 hr, each value is relative to the appropriate time control sample, Figure 4.66, 

4.67). The gel and analysis presented in Figures 4.62 and 4.63 are representative of four 

separate experiments mn. The formation of this DNA protein complex was found not to 

be dependent on temperature or the length of incubation for the binding reaction (results 



not shown). Due to technical difficulties extractmg sufficient quantities of nuclear 

protein, GSAs attempted with nuclear protein samples isolated from cultured hepatocytes 

were not successful (results not shown). An examination of the sequence of the mdrlb 

promoter fragment yielded the existence of known NF-KB and p53 binding sites (Zhou 

and Kuo, 1998), as well as 4 putative NF-IL6 binding sites (schematically presented in 

Figure 4.68). 



Gene Restriction Expected 
Enzyme Fragment 

Size (bp) 

Fragment 
Size (bp) 

mdrl b 

GAPDH 

Csp61 

BsuRI 

Mph 1 1031 

AIuI 

215 
140 

355 [uncut] 

215 
148 

363 [~inctrt] 

238 
103 

34 1 [unctrt] 

2 16 
124 

340 [zincut] 

378 
249 

620 [unczrt] 

5 19 
409 
230 
139 
106 

Table 5. Expected vs. actual fragment sizes for restriction digests nin to confirm the identities of the 

mdrla. mdrl b and GAPDH PCR products. Restriction digests were run for 1 hr at 37°C. Undigested 

product is italicized and lobeled "uncut." The Mph1103I digest of GAPDH yielded multiple inromplete 

digests. hence the mismatch between the actua1 and expected fragment sizes. The smallest fragments (9 and 

32 bp) likeiy ran off the pl. Fragment sizes were detemined by cornparison to the G e n e ~ u l e r ~  100 bp 

DNA Iadder (ME31 Fermentas). 



1 Total Mass in 1 940 ng / 
Lane 

Molecular Wt. 

LOO ng 

Tabie 6. Composition of the mas-intensity standards (provided by Canadian Life 

Technologies) used to convert band intensities to absolute masses of DNA (see Figures 

4.10 and 4.1 1). 



Restriction 
Enzyme 

Expected Fragment Sizes 
(bp) 

Actual Fragment Sizes 
(bp) 

Table 7. Expected vs. actuai fragment sizes for restriction digests run to confirm the 

identity of the nldrlb promoter fragment subcloned into the pUC19 plasmid vector. 

Restriction digests were mn for 1 hr ai 37°C. Fragment sizes were detemined by 

cornparison to the ~ e n e ~ u l e r ~ ~  100 bp DNA ladder (MBI Fermentas: see Figure 4.63). 



GAPDH Calibration Curve 

O 2 4 6 8 10 12 14 16 18 

PCR Template (ng RNA) 

Figure 4.1. GAPDH calibration curve for quantitative RT-PCR. (A) Rrpresentative gel showing 

the products from PCR reactions using serially diluted templates; lane 1 contains 250 ng 

template. Each lane contains half as much template as the one to its left: lane M shows the 

molecular weight standards. GAPDH PCR products are 580 bp in length. (B) Plot of intensity of 

GAPDH band (OD units) vs. the amount of PCR template uxd in the reaction (ng RNA used in 

the RT reaction). The range of masses shown is 0.06 ng - 15.6 ng; greater amounts of PCR 

templnte resulted in plateauing of the amplification reaction and are not shown. 



GAPDH Calibration Curve 
(Fitted log transformation) 

51 O 1 

log (ng template) 

Figure 4.2. The GAPDH calibntion curve, presented in the fom logY=logA+nlog( 1+R). 

The mass range shown is 0.06 ng template to 15.6 ng ternplate. The curve was fitted to 

the equation y = 3.5843 + 0.5302x, i' = 0.9 18. PCR reaction efficiency. R. for this 

calibration curve was determined to be 31.67%. 



mdrla Calibration Curve 

O 50 1 O0 150 200 250 300 

PCR Template (ng RNA) 

Figure 43. mdrla calibration curve for quantitative RT-PCR. (a) Gel showing the products from PCR 

reactions usine serially diluted ternplates; lane 1 contains 250 ng template. Each lane contains half as much 

template ris the one to its left; Irine M shows the molecular weight standards. mdrla PCR products rire 35 1 

bp in Iength. (B) Plot of intensity of mdrla band (OD units) vs. the rimount of PCR template used in the 

reaction (ng RNA used in the RT rertction). The range of masses shown is 16 ng - 250 ng. 



mdrla Calibration Curve 
(Fitted log transformation) 

O 1 2 3 

log (ng PCR Template) 

Figure 4.4. The mdrl a calibration curve, presented in the fonn logY=logA+nlog( 1 +R). 

The mass range shown is 15.6 ng template to 250 ng template. The curve was fitted to the 

equation y = 2.8 17 1 + 0.7695x, ? = 0.948. PCR reaction efficiency, R, for this calibntion 

curve was determined to be 24.14%. 



mdrlb Calibration Curve 

PCR Template (ng RNA) 

Figure 4.5. mdrlb calibrrition curve for quantitative RT-PCR. (a) Gel showing the products from PCR 

recictions using serially diluted templates; Iane 1 contains 250 ng template. Each lrine contains half ris much 

template 3s the one to its left; iane M shows the moleculru weight standards. nldrlb PCR products are 35 1 

bp in length. (B) Plot of intensity of ntdrlb band (OD units) vs. the amount of PCR template used in the 

reaction (ne RNA used in the RT reaction). The range of masses shown is 16 ng - 250 ng. 



mdrlb Calibration Curve 
(Fitted log transformation) 

log (ng PCR Template) 

Figure 4.6. The mdrlb calibntion curve, presented in the f o m  logY=logA+nlog(l+R). 

The mass range shown is 3 1.2 ng template to 250 ng template. The curve was fitted to the 

equation y = 3.365 + 0.3225x, r = 0.947. PCR reaction efficiency, R. for this calibntion 

curve was determined to be 29.47%. 



Figure 4.7. Gel showing the products from PCR reactions using seridly diluted templates 

and mdr2 primers; lane 1 contains 250 ng ternplate. Each lane contains half as much 

template as the one to its left; the product in lane 3 is below the quantitation limit of the 

software. Lane M shows the molecular weight standards. mdr2 PCR products are 143 bp 

in length. 



spgp Calibration Curve 
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Figure 4.8. RT-PCR calibration curve for spgp. (A) Gel showing the products from PCR reactions using 

serially diluted templates: lane L contains 250 ng template. Each lane contains half as much template as the 

one to its left; lane M shows the molecuIar weight standards. spgp PCR products are 4 13 bp in length. (B)  

PIot of spgp band intensity vs. amount of  PCR template used in the reaction (ng RNA used in the RT 

reriction). The mziss range shown is 3.9 ng template to 250 ng. 



spgp Calibration Curve 
(Fitted log transformation) 

O 1 2 3 

log (ng PCR Tempiate) 

Figure 4.9. The spgp calibration curve, presented in the form logY=logA+nIog(L+R). 

The mass range shown is 3.9 ng ternplate to 750 ng template. The curve was fitted to the 

equation y = 3.6625 + 0.2215x, 1 = 0.790. PCR reaction efficiency, R, for this calibration 

curve was determined to be 32.46%. 



Figure 4.10. Representative gel dernonstnting the madintensity standards used for calibrating the 

conversion from band intensity to band mass. DNA standards (provided by Gibco BRL) were diluted 

and run so that the total mass in each lane is as indicated on the image above. These standards were 

constructed so that there were equimolar amounts of each band present in the mixture. Table 4 Iists the 

masses of each band present in the mixture. 



Massllntensity Calibration Cuwe 
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Band mass (ng) 

Figure 4.11. Masshntensity calibntion curve: band intensity (OD units) is presented on 

the Y-axis, and band mass (ng) is presented on the X-mis. Extrernely high band masses 

cause plateauing of the mas-intensit y e ffect descnbed in the text. 



Figure 4.12. Gel showing restriction digests of PCR products that were done in order to confirm product 

identities. Lane designations are as follows: (1) mdrla Csp6I digest; ( 2 )  mdrla AluI digest; ( 3 )  uncut 

mdrla: (4) mdrlb Csp61 digest; ( 5 )  mdrlb BsuRI digest; (6 )  uncut mdrlb: (7) GAPDH Mphll031 

digest; (8) GAPDH AluI digest; (9) uncut GAPDH: (M) ~ e n e ~ u l e r ~  100 bp ladder. See Table 5 for 

expected product sizes. 



mdrla 
mdrl b 

GAPDH 

Figure 4.13. Representative Northem blot illustrating the relative mobility of d l  a, 

mdrlb and GAPDH rnRNA species. Total RNA samples isolated from four 24-hr 

hepatoc yte cultures (see methods) were mn in triplicate on an RNA denatunng gel, 

stained with SYBR Green II RNA Stain (Molecular Probes), visualized under UV 

transillurninescence, and transferred to a Hybond N+ nylon membrane, as outlined in the 

methods. The membrane was then stained using Blot Stain Blue RNA Northem blot stain 

(Sigma) to mark the positions of the RNA standards, separated into three parts, each part 

probed with one of rndrla. rndrlb and GAPDH cDNA probes and exposed to 

autoradiography as outlined in the rnethods. Each probe detected a single band, the 

relative positions of which are indicted on this composite representative Nonhem blot. 



Sample loaded on membrane 

mdrla mdrl b 

Probe 

mdrl b 

Figure 4.14. Dot blot illustrating the gene-specific natures of the probes for mdrla, and 

mdrl b. Membranes were loaded with plasmid restriction fragments containing the 

individual probes as indicated and hybridized ovemight at 42OC. Since mdrla and mdrlb 

rnRNA have very similar apparent molecular weights, we examined the cross-reactivity 

of the nidrla and mdrlb cDNA probes, and found that they do not recognize each other. 



Figure 4.15. Western blot showing the effect of culture time on PGP protein expression. 

Hepatocytes were cultured for 24 and 48 hr (n = 3 per time point). crude membrane 

fractions isolated and Western blots nin and probed with C-219 as outlined in the 

methods. The C-2 19 immunodetectable bands are shown relative to the 2 10 kDa (upper 

band, lane M) and 120 kDa (lower band. lane M) molecular weight standards. 



Effect of Culture Time on PGP Expression 

24 hr incubation 48 hr incubation 

Figure 4.16. Effect of culture time on PGP protein expression. Time is measured in houn 

after plaiting; PGP expression is given as a percentage of the 24 hour expression level. 

Values are reported as mean 2 SEM; n d  culture dishes per time point. 



10 20 

Time (hr) 

Figure 4.17. The time-dependent induction profile of mdrla in cultured rat hepatocytes. 

as detemined from RT-PCR analysis of untreated samples isolated over a 34 hr period. 

The best fit curve is y=0.948+(8.68x10~')(1.13)X (&=0.9985). The rnean value of six 

expenments is reported herein. 



10 

Time (hr) 

Figure 4.18. The time-dependent induction profile of mdrlb in cultured rat hepatocytes, 

as determined from RT-PCR analysis of untreated samples isolated over a 24 hr period. 

The best fit curves is y=- 1 . 1 7 ~  1o2+(1. 19x 10-')(LOO 1)" ($=0.95 1) .  The mean value of six 

experiments is reported herein. 



Control Samples 
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Figure 4.19. Effect of culture time and cytokine incubations on PGPlmdrl functional 

activity. Rhodamine 123 effiux assays were performed on cells treated as indicated above 

as described in methods; PGP-rnediated efflux is reported as the verapamil-inhibitable 

efflux of Rh 133. A minimum of n=4 culture dishes were used for each treatment 

condition; values are reponed as mean SEM. Data is pooled from experiments 

conducted over a penod of two years (see Pak, 1998). 



Figure 4.20. Gel showing the relative levels of expression of the mdr and spgp genes 

after 36 hours in culture. Lane identifications: ( 1 )  GAPDH; (2) mdrla; (3) mdrlb: (4) 

rndr2; (5) spgp; (M) ~ e n e ~ u l e r ~  LOO bp ladder (MBI Fermentas). 



Effect of Culture Time on Cell Viability 

Plating 24 hr 48 hr 72 hr 

Figure 4.21. Effect of culture incubation time (in hours) on the viability of cultured 

hepatocytes, as measured by Trypan Blue staining. Values are reported as mean t SEM; 

n=3-7 platesltreatment condition. Values significantly different from controls ( p 4 . 0 5 )  

are marked win an (*). 



Effect of Cytokine Treatments (24 hr) 
on Cell Viability 

Figure 4.22. Effect of culture conditions (presence or absence of DEX, cytokine 

treatments and ActD) on the viability of cultured rat hepatocytes. Values are reponed as 

rnean i SEM: n=3-7 platesJtreatment condition. No significant differences arnong the 

treatment conditions were observed. 

LOO 



Effect of Cytokine Treatments (48 hr) 
on Cell Viability 

Control 1 O nglml 
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Figure 4.23. Effect of cytokine treatments on the viability of cultured rat hepatoc ytes. 

Values are reported as mean I SEM: n=3-7 platedtreatment condition. No significant 

differences among the treatment conditions were observed. 



Effect of Cytokine Treatments (72 hr) 
on Cell Viability 

Control 

Figure 4.24. Effect of cytokine treatments and the presence or absence of DEX on the 

viability of cultured rat hepatocytes. Values are reported as mean + SEM; n=3-7 

platedtreatment condition. No significant differences among the treatment conditions 

were observed. 



Effect of Cytokine Treatment on 
GAPDH mRNA Expression 

Control 
Treated 

Figure 4.25. The effect of IL-6 (5 @ml, 24 hr), IL- L p ( 5  ng/rnl, 72 hr) and TGF-PI (25 

nglrnl, 24 hr) on GAPDH mRNA expression. Cultured hepatocytes were treated as 

outlined above. total RNA isolated, RNA denaturing gels run and RT-PCR analysis 

performed as outlined in the methods. GAPDH mRNA expression was normaiized to 18s 

rRNA band intensity (n = 4 culture plates per treatment condition, values presented as 

mean ?: SEM). 10 ng/ml TGF-PI also causes a reduction in GAPDH expression, to an 

extent similar to that presented here for 25 ng/ml. 



5 ng/ml 
Control l~-lB 

Figure 4.26. Representative RNA integrity gel illustrating the effect of 5 ng/ml iL-1p 

treatment (72 hr; n = 4 culture plates per treatment condition) on expression of the 18s 

and 28s rRNA molecules. Cultured rat hepatocytes were treaied with L I S  as outlined in 

the methods, total RNA isolated and run on denaturing RNA gels. Results were 

visualized by W transillurninescence, and and yzed using the Kodak 1 D Image Analysis 

software. Sizes of the rRNA bands, based on cornparisons to the molecular weight 

standard shown are as follows: 18s: 1.9 kb; 28s: 4.7 kb. 



Figure 4.27. Representative blot showing the effects of 0-25 ng/ml IL-6 treatment (24 hr 

incubation) on PGP protein expression, performed as described in the methods. Lanes were 

treated as follows: (1) 0 nglml ILd; (M) molecular weight standards (Bio-Rad Kaleidoscope 

Protein Marker); (2) 1 ng/ml IL-6; (3) 5 @ml iL-6; (4) 10 @ml IL-6; (5) 25 @ml [L-6. 



Figure 4.28. Effect of IL-6 treatments on PGP protein expression. Plated hepatocytes 

were treated with 0-50 nglml IL-6 and incubated for 24 hours. PGP expression was 

measured by immunodetection as described in Section 3.5. Values are reported as % of 

the optical density of controls (mean r SEM. n=5 culture dishes per treatment condition). 



Control 5 nglml IL-6 M 

Figure 4.29. RR-PCR gels illustrating the effects of 24 hr [L-6 incubation (5 @ml) on 

mdrla (upper panel) and mdrlb (lower panel) mRNA expression (n = 6 culture plates per 

treatment condition). GAPDH is included as an internai standard. Cultured rat 

hepatocytes were treated with IL-6 as outlined in the methods. total RNA isolated and 

RT-PCR analysis perfomed. PCR product sizes, determined by analysis of migration 

patterns against the ~ e n e ~ u l e ?  100 bp molecular weight standard (Fermentas), are as 

follows: mdrla: 351 bp; mdrlb: 325 bp; and GAPDH: 580 bp. 



Control 

GAPDH 

Figure 4.30. RR-PCR gels illustrating the effects of 24 hr IL-6 incubation (5 ng/ml) on 

mdr2 and spgp mRNA expression (n = 3 culture plates per treatment condition). GAPDH 

is included as an intemal standard. Cuitured rat hepatocytes were treated with IL-6 as 

outlined in the methods, total RNA isolated and RT-PCR analysis performed. PCR 

product sizes, determined by analysis of migration patterns against the ~ e n e ~ u l e r ~  100 

bp molecular weight standard (Fermentas), are as follows: rndr2: 143 bp; spgp: 413 bp; 

and GAPDH: 580 bp. As can be seen from this gel, mdr2 is not significantly expressed in 

our culture system. 

LOS 



mdrl b 

Figure 4.31. The effect of 5 nglml IL-6 on mdrl mRNA expression levels after a 24 hour 

incubation period. Samples were e x d n e d  by quantitative RT-PCR as described in the 

methods. Values are reported as percentage of the control mean t SEM. n=6 culture 

dishes per treatment condition. 



Time-Dependence of mdrla Expression 
in Control vs. 5 nglml IL16 Treated Cells 
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4 5 nglml 11-6 Treated Cells 

10 15 

Time (hr) 

Figure 4.32. The time-dependent effect of 5 @ml IL-6 on mdrla mRNA expression. 

Cells were cultured for 0-74 houn, as indicated, and quantitative RT-PCR was run. 

Values are reported as mdrldGAPDH ratios and are given as mean k SEM, n=6 culture 

dishes per ireatment condition. No significant differences between control and treated 

samples for any time point examined. 
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Figure 4.33. The time-dependent effect of 5 ng/ml IL-6 on mdrl b rnRNA expression. 

Cells were cultured for 0-24 houn. as indicated, and quantitative RT-PCR was run. 

Values are reported as mdrlblGAPDH ratios and are given as mean t SEM, n=6 culture 

dishes per treatment condition. Significant differences in ntdrlb rnRNA expression were 

seen at the 24 hr time point (pcû.05). 



Figure 1.34. Representative Western blot showing the effects of combined IL -6 and IL- lp  

treatment on PGP protein expression (24 hr incubation). pe rformed as described in the 

methods. Lanes are identified as folIows: (M) Bio -Rad Kaleidoscope Protein Marker; ( 1 )  

Conrols. O ng/ml IL-6 plus O ng/rnl IL- 1p; (2) 5 ngfml IL-6 plus 5 ng/ml IL- lfl; and (3) 10 

ng/ml IL-6 plus 10 n g / d  IL- 1 p. 



Figwe 4.35. The effect of combined cytokine treatment on PGP protein expression. 

Plated hepatocytes were treated for 24 hr with 0- 10 @ml IL-6+L- L p. PGP expression 

was measured by immunodetection as described in the methods. Values are reponed as % 

of the optical density of O @ml IL-6 and L l B  treated samples (mean i SEM, 

n=7ltreatment condition). The effect that combined cytokine treatment had on PGP 

protein expression was found to disappear at 10 @ml. 
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Figure 4.36. The effect of combined cytokine treatment on PGP protein expression. 

Plated hepatocytes were treated for 24 hr with IL-6 (5 @ml). IL-1f3 (5 ng/ml), or 

combined IL-lb and IL-6 (5 ng/ml each). PGP expression was measured by 

irnmunodetection as descnbed in the methods. Values are reported as % of the optical 

density of O ng/ml IL-6 and IL-@ treated sarnples (mean t SEM, n=7/treatment 

condition). 



120 kDa - - 120 D a  

O n M  DEX O  IL!^ DEX 50 nM DEX 50 QM D M  

O numl I L 4  5 nghd IL4 O n g h l  IL-6 5 ng/ml IL-6 
(2 samples) (4 samples) (4 samples) (4 samples) 

Figure 4.37. Western blot showing the effects of the presence (50 nM) and absence of 

Dexamethasone and the presence (5 ng/ml) and absence of IL-6 on the expression of PGP 

in cultured rat hepatocytes. Cells were treated with or without DEX and IL-6 for 24 hr, 

cmde membrane protein fractions harvested and Western blots run as described in the 

methods. The c-2 19 immunodetectable bands are placed relative to the 2 10 kDa and 120 

kDa molecular weight standards mn in the gel. 
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Figure 438. Effect of DEX on the IL-6-mediated suppression of PGP protein expression. Cells were 

cuItured in the presence or absence of 5 ngml IL-6. and in the presence of the indicated concentrations of 

DEX. for a period of 24 hours. and PGP expression was analyzed by immunodetection. Values rire reported 

as mean 2 SEM, n=4 cuIture dishes per treritrnent condition. Yhe results obtained with 50 nM DEX are 

simiIar to those obtained in Figure 4.25.3s that concentration is the one used in standard culture media. 



Figure 439. Westem blot showing the effects of 0-25 nglml LiF treatment (24 hr 

incubation, n = 4 plates per treatment condition) on PGP protein expression in cultured 

rat hepatocytes. Cells were incubated in the presence or absence of LIF as described in 

the methods, cmde membrane protein fractions harvested and Westem blots run and 

probed with C-719. The C-219 immunodetectable bands are placed relative to the 710 

kDa and 120 D a  molecular weight standards run in the gel. 
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Figure 4.40. Effect of LiF treatments on PGP protein expression. Plated hepatocytes 

were treated with 0-25 ng/ml LIF and incubated for 24 hours. PGP expression was 

measured by immunodetection as described in the methods. Values are reported as % of 

the optical density of controls (mean t SEM. n=4 culture dishes per treatment condition). 

Significance differences were not observed, although changes of approximately 33% 

reduction relative to controls (10 @ml) approached significance ( p d .  IO), as did 67% 

induction relative to controls (35 ng/rnl, pcû. 10). 
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Figure 4.41. Effect of 10 ngml LIF treatment (24 hr) on mdrla. mdrlb and spgp gene 

expression in cultured rat hepatocytes. Samples were examined by quantitative RT-PCR 

as described in the methods. Values are reported as percentage of the control mean + 

SEM, n=3 culture dishes per treatment condition. 



Figure 4.42. Western blot showing the effect of 25 nglrnl LE,  48 hours incubation, on PGP 

protein expression. Control samples (n=4) are shown to the left of the protein standard Iane 

(marked M; the band visible is that for the 201 kDa standard), whi treated sarnples (n=5) are 

shown to the right of the standard lane. Though an induction of PGP is qualitatively evident. 

quantitative analysis of this series of blots proved difficult. 
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Figure 4.44. Westem blot showing the effects of 0- 10 ng/ml IL- l p  treatment (24 hr 

incubation, n = 4 plates per treatment condition) on PGP protein expression in cuitured 

rat hepatocytes. Cells were incubated in the presence or absence of IL- 1 as desctibed in 

the methods, cmde membrane protein fractions harvested and Westem blots nin and 

probed with C-2 19. The c-2 19 imrnunodetectable bands are placed relative to the 2 10 

kDa and 120 kDa molecular weight standards nin in the gel. 
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Figure 4.45. Effect of IL- 1 treatments on PGP protein expression. Plated hepatocytes were veated 

with 0-50 ng/ml IL-6 and incubated for 24 hours. PGP expression was measured by 

immunodetection as described in Section 3.5. Values are reported as % of the optical density of 

controls (mean + SEM. n=4 culture dishes per treatment condition). 
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Figure 4.46. Representative Western blot demonstrating the IL- la-mediated down-regulation 

of PGP pmtein expression after 72 hr, performed as described in the methods. 
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Figure 4.48. Effect of IL- 1B treatments on PGP protein expression. Plated hepatocytes 

were treated with 0-50 ng/ml IL-@ and incubated for 5 days. PGP expression was 

rneasured by irnrnunodetection as descnbed in the rnethods. Values are reported as % of 

the optical density of O @mi IL- 1 B treated samples (mean t SEM, ndltreatment 

condition). 
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Figure 4.49. Effect of IL-1 incubation (72 hr) on expression of the rndr genes. Samples 

were examined by quantitative RT-PCR as described in the methods. Values are reported 

as percentage of the control mean 2 SEM, n=6 culture dishes per treatment condition. 
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Figure 4.50. Effect of culture time and IL-lp (5 @ml) incubation on mdrla mRNA 

expression in cultured nt hepatocytes. Values are presented as ntdrldGAPDH ratios, 

mean i SEM. n = 5 culture plates per treatment condition. The 72 hr results are suspect 

due to decreased GAPDH expression (Figure 4.25). Data is presented to demonstrate the 

plateauing of mdrla induction after the first 24 hr of culture. 
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Figure 4.51. Effect of culture time and IL-ifl ( 5  ng/ml) incubation on nldrla mRNA 

expression in cultured rat hepatocytes. Values are presented as nldrldGAPDH ratios, 

mean k SEM, n = 5 culture plates per treatment condition. The 72 hr results are suspect 

due to decreased GAPDH expression (Figure 4.25). Data is presented to demonstrate the 

plateauing of mdrla induction after the first 24 hr of culture. 



Figure 4.52. Westem blot showing the effects of 0-10 nglml TGF-Bi treatment (24 hr 

incubation, n = 3 plates per treatment condition) on PGP protein expression in cultured 

rat hepatocytes. Cells were incubated in the presence or absence of TGF-BI as described 

in the methods, crude membrane protein fractions harvested and Westem blots nin and 

probed with C-219. The c-2 19 immunodetectable bands are placed relative to the 2 10 

kDa and 120 kDa molecular weight standards nin in the gel. 
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Figure 4.53. Effect of TGF-Pi treatments on PGP protein expression. Plated hepatocytes 

were treated with 0-25 ng/ml TGF-Pi and incubated for 24 hours. PGP expression was 

measured by immunodetection as descnbed in Section 3.5. Values are reported as % of 

the optical density of controls (mean t SEM, n=4 culture dishes per treatment condition). 

25 ngml treatment was associated with a high degree of cell death. 
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Figure 4.54. Effect of 10 ng/mI TGF-BI treatment (24 hr) on mdrla. mdrlb and spgp 

gene expression in cultured rat hepatocytes. Smples  were examined by quantitative RT- 

PCR as described in the methods. Values are reported as percentage of the control mean 

i SEM, n=3 culture dishes per treatment condition. 



Figure 4.55. Westem blot showing the effects of O- LO ng/ml TGF-Bi treatment (48 hr 

incubation, n = 3 plates per treatment condition) on PGP protein expression in cultured 

rat hepatocytes. Cells were incubated in the presence or absence of TGF-BI as described 

in the methods, crude membrane protein fractions harvested and Westem blots run and 

probed with C-219. The c-219 immunodetectable bands are placed relative to the 210 

kDa (upper band, lane M) and 120 kDa (lower band. lane M) molecular weight standards 

run in the gel. 
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Figure 4.56. Effect of TGF-pi treatments on PGP protein expression. Plated hepatocytes 

were treated with 0-25 @ml TGF-BI and incubated for 24 hours. PGP expression was 

measured by irnrnunodetection as descnbed in Section 3.5. Values are reponed as % of 

the optical density of controls (mean I SEM. n=4 culture dishes per treatment condition). 

25 n g h l  treatment was associated with a high degree of cell death. 
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Figure 4.57. Uptake of 3 ~ - ~ ~ ~  into control (no cytokine) cells treated with the 

concentrations of Actinomycin D indicated on the x-ais. This ActD optimization study 

was run as described in the Methods; the y-axis shows uptake of 'H-UTP as a percentage 

of the O pglml ActD treatment uptake. Values are reported as mean + SEM, n=3 culture 

wells pet treatment condition. 
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Figure 4.58. Uptake of 'H-UTP into 5 ng/ml IL-6 treated cells treated with the 

concentrations of Actinomycin D indicated on the x-mis. This ActD optimization study 

was run as described in the Methods; the y-mis shows upiake of 'H-UTP as a percentage 

of the O pglrnl ActD treatment uptake. Values are reported as mean t SEM. n=3 culture 

wells per treatment condition. 
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Figure 4.59. Slot blots showing the results of mRNA stability experiments canied out as 

descnbed in Section 3.10. Each row represents 4 samples of each treatment condition after 0-9 hr 

of treatment: rndrla results are on the left. while mdrlb results are shown on the right. No 

significant differences in decay rates of rndrla and mdrlb between control and treated sampies 

were determined from these results. 
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Figure 4.60. Decay profiles of mdrln in control and 5 ng/ml IL-6 treated cells treated 

with ActD in order to prevent transcription. Values are reponed as nomalized 

mdrllGAPDH ratios, mean t SEM, n=4 culture wells per treatment condition. No 

significant di fferences were observed. 
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Figure 4.61. Decay profiles of mdrlb in control and 5 ng/ml IL-6 treated cells treated 

with ActD in order to prevent transcription. Values are reported as nomalized 

mdrllGAPDH ratios, mean 2 SEM, n=4 culture wells per treatment condition. No 

si gni ficant differences were observed. 



Cornparison of in vitro Transcription Rates 
of the mdr Genes 

Figure 4.62. Relative transcription rates of the mdr genes in control and 5 ng/mI L-6- 

treated cells. Values are reported as % relative to control transcription rates, rnean t 

SEM, n=4 per treatment condition (*p<0.05). 
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Figure 1.64. RT-PCR gel showing PCR product from genornic DNA ternplate and 

from pUC 19 plasrnid containing the mdrl b promoter fragment insert. PCR primers 

and program used are outlined in the meihods; samples are run in triplicate from three 

independent experiments. 
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Figure 4.65. Gel illustrating restriction digests outlined in Table 7, confirming the 

identity of the mdrlb promoter fragment using the restriction enzymes AluI, BsuRI and 

EcoRI. 
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Figure 4.66. Representative gel showing the induction of transcription factor- 

DNA complex formation in nuclear protein samples isolated from turpentine 

treated rats. Experiments repeated 3 times yielded similar results. Lane # l  free 

mdrlb probe, lane #2 24 hr control sarnple, lane #3 24 hr turpentine-treated 

sarnple, lane #4 48 ht control sample. lane #5 48 hr turpentine-treated sample. 
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Figure 4.67. Analysis of gel shift presented in Figure 4.47, showing the induction of 

transcription factor complex formation in turpentine-treated nuclear protein samples. 

Analysis is representative of preliminary experiments conducted in triplicate. No 

statistical analysis was performed on these results. 
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Figure 4.68. Schematic representation of the -414 to +29 region of the rat mdrlb 

promoter fragment subcloned into the plasrnid vector pUC 19. approximately to scale. 

The ends of the promoter region incorporate the BamHI and HindIII restriction sites used 

for cloning. The presence of the p53 and NF-KB binding sites as previously reported 

(Zhou and Kuo, 1998) served as a tool for sequence alignment. The locations of the 

putative NF-IL6 binding sites are marked relative to the p53 binding site. 



5. DISCUSSION 



5. Discussion 

5.1 Validation of Experimental Protocols 

Semi-Quantitative RT- PCR. A semiquanti tati ve adaptation of the Reverse Transcription- 

Polymerase Chain Reaction (RT-PCR) protocol was developed for use in our laboratory. 

Previous RNA studies in this laboratory utilized the RNase Protection Assay (RPA), a 

timeîonsuming method requiring relatively large amounts (>20 pg) of RNA per gene 

analyzed. However, these studies required us to examine 3-5 gene products, and a typical 

culture of 1-2 million ceils generaily yields less than 25 pg of RNA. Thus. a more 

sensitive method than the RPA was needed. Recently RT-PCR has begun to become 

accepted as a viable quantitative tool (see Murphy et al. 1990). As this was the first 

introduction of RT-PCR to Our laboratory environment, the method developed for 

analysis of the mdr genes required validation. 

The RT-PCR protocols developed require the use of 0.5 pg of total RNA sarnple, 

allowing rnany experimental repetitions from a limited supply of RNA. The results from 

the initial tests of the technique were validated against previously run RPAs (data not 

shown). Expenses for RT-PCR are comparable to those for RPAs and nucleic acid 

hybridization techniques. A RT-PCR series consisting of 24 samples. 5 gene products and 

their respective calibration curves can be completed in a minimum of 4 workmg days. On 

the other hand. an RPA on 14 samples and 4 gene products will take a minimum of 5-6 

days for completion, and nucleic acid hybridization protocols typically require 48-72 

hour hybridization penods and lengthy autoradiogaaphy times. Thus, we found RT-PCR 

to be an extremely sensitive and reliable detection method, which requires a minimum of 



sample, time and effort, and is comparable in cost to other techniques. The last criterion, 

that of reproducibility, is also met, in that inter-day variability in multiple calibration 

curves, was within 540%. 

We define the following terms in the context of a PCR calibntion curve: Y, yield of the 

PCR reaction; A, amount of starting template input into the reaction (the amount of RT 

product); R, PCR efficiency (a value between O and 1); n, The number of PCR cycles. 

This is an exponential process, and we cm define the kinetic equation as follows: 

. . . Equation ( 1) 

Or, applying a log transfoimation to both sides of (1): 

Log (Y) = log (A) + n log (L+R) . . . Equation (2) 

R is a constant for a given PCR reaction, leaving dependent variable Y and independent 

variables n and A. We can arbitrady hold one constant while varying the other. as 

follows: 

Constant A. Variable n: '5"-shaped log Y vs. n curve. The dope of the linear portion is 

log (l+R) and the intercept is given by log (A). Constant n, Variable A: 5"-shaped log 

Y vs. log A curve. The slope of the linear portion is 1 and the intercept is given by n log 

(l+R). In both cases, the curves have identical shapes. Low concentrations of A (or, 



equivalently. low cycle number) will result in non-exponential amplification. while hi& 

concentrations of A (or, equivalently, high cycle number) will give a similar result, this 

tirne, due to plateauing of the reaction. 

Revisiting equation (1)- if R is close to 1 (almost 100% efficiency of reaction), then l+R 

is close to 2, and the equation becomes the following: 

In this situation. the result of doubling the concentration of A is the sarne as if the cycle 

number were increased by 1. Since this is the case. these two variables (A and n) are 

hence interchangeable. Thus, varying template concentration (A) or cycle number (n) 

becomes a matter of practicality and convenience. It does not make a difference which 

one is varied, and since it is easier to serially dilute RT product than it is to intempt a 

PCR reaction every two cycles, it became the practice of this laboratory to Vary template 

concentration when generating these curves. 

Generation of standard curves such as those described above help in the determination of 

the optimal concentration of A. A value of "A" that lies in the middle of the exponential 

range is most desirable. The standard curve yields a range of values for A in which the 

reaction is exponential. Determining which one to use is a matter of preference. It is 

worthwhile to note, however, that depending on the expression level of the gene product 

in question and on the manner of detection of PCR products, a full standard curve will 



not always be possible in reality. As can be seen from Figures 4.1-4.6, 4.8 and 4.9, the 

lower ranges of the calibration curve are typically undetectable. The other use of a 

standard curve is to give an estimate of the reaction efficiency R. As outlined above, 

determination of the linear range of the plot along with extrapolation of the data yields a 

value for R. 

While performing multiple RT-PCR assays during the course of this project, we found 

that the relative amplification efficiencies for rndrla, mdrlb, spgp and GAPDH were 

comparable, and that multiple repetitions of calibration curves produced very consistent 

values for R (29.44% f 1.87%). We also found that lineanty of the calibration curves was 

not affected by intenample variability. and that results obtained from PCR reactions run 

at one time were duplicated in later expenments. Efficiencies were determined by 

regression analysis of PCR calibration curves according to Equetion (2): As the intercept 

of the fitted line is n log (l+R), knowing the cycle number n, we calculated R. 

A challenge in RT-PCR. one that serves to make the correlation between the number of 

starting RNA molecules and the resulting reaction yield difficult, is the variability in and 

unchancterized kinetics of the RT reaction itself. Using mass-intensity standards such as 

those presented in Figures 4-10 and 4.1 1, we cm linearly correlate band intensity with 

mass of DNA in the band. Furthemore, using the known molecular weights of the PCR 

products (determined from molecular weight standards run in the gels), we can determine 

the number of moles of PCR product present in the band, and hence in the total reaction 

sarnple. Based on the kinetics of the PCR reaction (see Equations (1) and (2)). and 



knowing the reaction efficiency, R, we therefore cm calculate the number of moles of 

starting cDNA template. However. without knowledge of the kinetics of the RT reaction, 

calculating the number of starting RNA molecules in the sample is not possible. It is for 

this reason that RT-PCR as we used it herein is a semi-quantitative technique. 

As we determined PCR calibration curves using a random set of samples, we assumed 

that a PCR calibration curve determined for a representative sarnple is valid for al1 other 

samples in that sarnple set. We also assumed that the arnount of PCR product resulting 

from the assay is dependent on the starting concentration of RNA template. and. 

furthemore, that this dependence is exponential in nature. 

Throughout the course of the project, we have k e n  able to demonstrate that these 

assumptions are, indeed, valid, via repetition of Our experiments. and by running 

hundreds of RNA sarnples through this assay, detecting, at present, the expression 

patterns of 19 gene products in 3 separate species. RT-PCR results have also k e n  

repeatedly confirmed via N a s e  protection assays and slot blots. RT-PCR results in this 

thesis are presented as normalized to the internai standard "housekeeping" gene GAPDH; 

such normdization was not found to affect Our results under most circumstances 

Exceptions to this rule have been discussed in the appropriate sections of this Discussion. 

Future Considerations for RT-PCR. There are several correctable problems currently 

exhibited by the semi-quantitative RT-PCR rnethod we have developed. First. as 

mentioned above, is our lack of knowledge of the kinetics of the RT reaction. Second is 



the choice of intemal standard. GAPDH was chosen because of precedent, availability of 

sequence, and because, at the time, cytokines were not known to affect its expression. 

Altemate choices included B-actin and a-tubulin, cytoskeletal component genes. 

However, it has been shown (Lee et al, 1993) that both of these genes are induced with 

time in primary hepatocyte culture. Since the majority of this project dealt with time- 

dependence and the effects that IL-6 had on the mdrl genes. and since GAPDH was not 

affected by IL-6 treatment (Figure 4.25), we felt it was not necessary to completely 

change our intemal standard. However, more recent work by another student in the 

laboratory has indicated that IL-lp and TGF-Bi decrease GAPDH expression in the 

human hepatoma cell lines. HepG2 and Huh7 (Lee. unpubiished data). In addition, LPS 

has been shown to decrease B-actin expression in humans. Therefore, since the laboratory 

currently uses 19 different primer sets for RT-PCR, across 3 species (human. mouse and 

nt), the design of a synthetic DNA sequence for use in PCR is something to be 

considered for future use. Such "PCR MIMICs" (see Siegling et al. 1994) can eliminate 

any problems inherent in using housekeeping genes as intemal standards, can be designed 

to include al1 primer sets currently in use by the laboratory, as a whole or in parts, and 

can serve to alter the fundamental design of RT-PCR away from a semi-quantitative 

assay towards being a competitive. more quantitative method of determination of gene 

expression. Such PCR MIMICs would also negate the need for PCR calibntion curves, 

which are currently the most labour-intensive and time-consuming part of our assay. 

Nucleic Acid Hybridiztion. In order to accurately determine the decay rates of the nrdrl 

genes, it was necessary to assay for the presence of full-length mRNA species. RT-PCR. 



by its nature, amplifies only a fragment of the rnRNA. Thus, use of RT-PCR to determine 

mRNA decay rates may have been misleading in that, depending on how degraded the 

RNA molecular was, it may or may not have been amplified by RT-PCR. In addition, 

almost al1 studies on mRNA stability have employed Northem ancilor Slot Blotting 

techniques. in order for us to use RT-PCR in this context. we would have needed to 

extensively validate it against results obtained from older methods. Therefore, more 

traditional assay methods (Northem and Slot blotting) were employed. For our 

preliminary experirnents utilizing nucleic-acid hybridization techniques, we used cDNA 

probes generated by restriction digests as outlined in Table 6, or PCR probes generated 

by RT-PCR. We confirmed the identity of these probes by restriction enzyme analysis. 

DNA dot blotting confirmed that the mdrla cDNA probe does not interact with rndrlb 

sequences, and vice versa (Figure 4.14). In addition, as only a single band of the expected 

size was found to hybridize with our cDNA probes on the Northern blots, this confirmed 

the specificity of these cDNA probes (Figure 4.13). Having established this, we chose to 

continue our hybridization studies using Slot blots. This choice was based on a number of 

reasons, including reduced tirne and labor intensity; increased sensitivity and reduced 

variability; reduced probability of decreased yield (düe to differences in transfer or 

efficiencies, etc.); and precedent (Lee et al. 1995). 

5.2 Ovemew of Project 

Major findings from these studies demonstrate a down-regulation of PGPlmdrl 

expression upon treatment of cultured rat hepatocytes with the pro-inflarnmatory 

mediators IL-6 and IL-@. This suggests that these cytokines are involved in the down- 



regulation of PGP/mdrl that is seen under conditions of acute inflammation (Piquette- 

Miller et al, 1998). We also found that the down-regulation of PGPlindrl by IL-6 and IL- 

l p  occur through different mechanistic pathways. Furthemore, as L-6 was found to 

rnediate a reduction in mdrl expression at the level of transcription, it is Iikely the 

principle mediator of PGPlmdrI down-regdation during inflarnmatory conditions. 

Down-regulation of PGP expression in liver has also been recently dernonstrated in mice 

treated with IL-6, or upon initiation of an acute inflarnmatory response (Hartmann et al. 

in press). Pathophysiological changes stemming from inflamrnatory conditions or disease 

cm affect the disposition of therapeutic agents in the body (Schneider et al. 1976; 

Kendall et al, 1979; Kraerner et al. 1982). Such changes in drug disposition have k e n  

attributed to alterations in metabolism by the CYP gene farnily or changes in plasma 

protein binding. However, changes in the expression of drug transporters in epithelial 

membranes, such as PGP or MRP may also contribute to this effect. Physiological 

mechanisms of PGPlmdrl regulation in such conditions as heat shock, irradiation and 

genotoxic stress, were reviewed in detail in the introduction. 

Previous studies in the laboratory demonstrated an in vivo suppression of PGP in 

experimentally induced inflammation in rat liver (Piquette-Miller et al, 1998). Studies 

contained within this thesis confirmed these findings and indicate that this occurred due 

to decreased transcription rates of the mdr genes (Figure 4.63). Overall, our results which 

suggest involvement of IL- lf3 and IL-6 in PGP downregulation indicate that PGP 

expression may be altered in numerous disease States. Clinicûlly, these findings are 

important because they may help us explain the diversity of PGP expression in healthy 



and diseased tissues. Also. elucidating mechanisms of PGP downregulation may 

ultimately be useful in the development of therapeutic strategies to overcome PGP- 

mediated drug resistance. 

5.3 PGP and nzdr gene expression patterns over time in culture 

Similar to previous reports (Lee et al. 1993; 1995; Muller et al, 1995). induction of PGP 

expression and activity in rat hepatocytes was observed with time in culture (see Figure 

4.15,4.16, Figure 4.19). RT-PCR analysis indicated that this occurred due to an induction 

in mdrla (2.6-fold) and mdrl b (1 .Bfold) mRNA expression (Figure 4.17, Figure 4.18). A 

similar induction in mdrl b mRNA expression has been previousl y reported (Lee et al. 

1993; 1995; Hill et al, 1996). However. Our results for mdrla contradict previous reports 

(Hirsch-Ernst et al, 1998). Their studies suggest that mdrla is not induced with time in 

culture. Those results were obtained in cultured hepatocytes isolated from Wistar rats, 

while Our data were generated from cultured hepatocytes isolated from Sprague-Dawley 

rats, thus, strain differences in PGPlmdrl regulation in culture could be responsible for 

this discrepancy. Previous work in vivo (Kim, 1999) and in vitro (Hill et al. 1996) 

comparing the regulation of PGP in Fisher. Wistar and Sprague-Dawley rat livers and 

cultured hepatocytes confirm that there are, indeed, strain differences in PGP regulation: 

The extent of modulation of PGPlmdr expression in culture or in the whole animal on 

induction of AI is, to some extent, dependent on the strain of animal used in the studies. 

For example, it is known that induction of mdrlb with time in culture is least evident in 

pnmary hepatocytes isolated from Sprague-Dawley rats, and most evident in cells 

isolated from Wistar rats (Hill et al. 1996). 



The expression pattern of nidrl a in hepatocyte cultures isolated from Sprague-Dawley 

rats has not been previously studied. During the first 24 hours in culture, we observed an 

induction of mdrl a expression. w hich can be modeled to fit an exponential growth 

pattern (Figure 4.17). Induction of mdrlb also fit an exponential growth mode1 (Figure 

4.18). As reported by Lee et al (1995). the induction of mdrlb mRNA is primarily due to 

an increased stability of the mRNA species. Increased half-life of mdrlb mRNA appears 

to occur through an interaction between the rnRNA species and the cytoskeleton. as it is 

negated in the presence of cytochalasin D, a cytoskeletal inhibitor. On the other hand. as 

our findings of mdrla mRNA induction are novel, the mechanisms involved have not yet 

been identified. It seems likely. though. that ntdrla induction occun through similar 

mechanisms as that described for mdrlb,  though further studies are necessary to confirm 

or refute this hypothesis. 

The antibody, C219, used to detect PGP in our studies detects al1 isoforms of the nidr 

gene family: mdrla, mdrlb. mdrZ and spgp. Therefore, changes in protein expression 

could result from alterations in the expression of mdrla. mdrlb, mdr-i andor spgp. 

Coincident with the induction of the mdrl genes. an induction of PGP protein expression 

(as previously reported by Lee el al, 1993. and in Figures 4.15.4.16) and increased efflux 

of Rh123 were seen (Figure 4.19). We observed significant and substantial increases in 

Rh123 eMux in cultured hepatocytes, which is consistent with alterations in mdrl 

expression. Since the gene products of mdrl .  but not mdr2 or spgp, are involved in 

Rh 123 transport, alterations in veraparnil-inhibitable Rh 123 efflux was due to changes in 



mdrl function. These findings suggest that the increased levels of mRNA translated to 

increased protein levels, and furthemore, that this protein w as functional. Furthemore, 

RT-PCR analysis did not detect significant expression of mdr2 (Consistent with Hill et al, 

1996; Hirsch-Ernst et al, 1998), nor did we detect changes in the mRNA levels of spgp. 

Thus, Our data indicate that expression of the mdrl genes and the mdrl gene products 

were primarily affected. 

5.4 Effeet of IL-6 on Regulation of PGP in Cultured Rat Hepatocytes 

5.4.1 Effects on PGP Expression and Activity 

Significant reductions in functional activity and immunodetectable levels of PGP were 

seen within 24 hours of IL-6 treatment (Figures 4.19.4.27 and 4.28). Since reductions in 

expression and activity of PGP were also associated with a corresponding decrease in 

mdrlb (and, to a lesser extent. mdrla) mRNA levels (Figures 4.29-4.33). it was likely 

that IL-6 decreases PGPlmdr l expression through ei ther a reduction in gene transcription, 

or by a decreased mRNA stability. In vivo, IL-6 has also been found to suppress hepatic 

levels of mdrl  b and mdrl a (Hartmann et al, 1999. in press). Numerous studies have 

demonstrated an IL-6 mediated reduction in the transcription of hepatic proteins 

including the cytochrome P450 enzymes (Abdel-Razzak et al. 1993; Ansher et al, 1992: 

Calleja et al. 1997; Morgan et al, 1994; Parmentier et al, 1997; Pous et al, 1990; Sewer 

and Morgan, 1997). Sirnilarities in substrates, inducers. and inhibitors between the 

cytochrome P450 and mdr gene farnilies (Wacher et al, 1995) suggest that these genes 

may possess overlapping regulatory pathways. 



It is felt that IL-6 mediates reductions in the protein and mRNA levels of the cytochrome 

P450 enzymes through induction of the CEBP family of transcription factors. Indeed. the 

mdrl regulatory sequence also possesses binding sites for a number of these transcription 

factors, including CIEBPP (NF-IL-6; Yu et ai, 1995). NF-KB (Zhou and Kuo. 1998), and 

AP-1 (Yu et al. 1993). Furthemore TNF-u and interferon-y have k e n  reported to 

downregulate the transcription cf both nrdrl (Stein and Walther. 1996; Walther and Stein, 

1994) and the CYP genes. 

A potential difficulty with examining the effect of inflarnmatory cytokines. such as IL-6. 

in Our culture system is the requirement of the anti-inflammatory corticosteroid DEX in 

the culture medium. We therefore examined whether the addition of DEX interferes with 

IL-6 rnediated activities. It is known that DEX elicits changes in PGP expression in vitro 

(Schuetz et al, 1995) as well as in vivo (Demeule et al, 1999). However. the inclusion of 

DEX in pnmary culture medium is necessary for optimal ceIl viability and attachment 

(Miyazaki et al, 1984). While the addition of corticosteroids to cultured cells is also 

necessary for cytokine activity (Kispert. 1995). higher concentrations of DEX will exhibit 

anti-inflarnmatory properties. and are thus capable of inhibiting cytokine-mediated 

activities. As expected, we saw a reduction in cell viability in the DEX-free medium, and 

a reduction in L-6 mediated effects on PGP expression at high (250 nM) concentrations. 

Nevertheless, we saw decreased PGP levels in IL-6 treated cells maintained in medium 

containing 0.50 or LOO nM of DEX (Figure 4.37,4.38). Thus, it does not appear that 

inclusion of DEX in our cuIture medium interferes with the observed effects of IL-6 on 

PGP expression. 



5.4.2 Effects of IL-6 on mdrl  rnRNA Stability 

No significant differences in the decay rates of the mdrl genes between control and 5 

ng/ml IL-6 treated cells were seen (Figures 4.60 and 4.61). As mentioned previously, and 

as reported by Lee et al (1995), the expression of mdrlb increases in a time-dependent 

manner in primary hepatocyte cultures. This increase is due entirely to a decreased 

turnover rate for mdrlb, via an as-yet-undetennined rnechanism involving cytoskeletal 

interactions. While it is documented that mdrlb is induced with time in culture, and the 

time-dependence of that induction has been measured (Lee et al, 1995), no such 

conclusive study exists for mdrla. Hirsch-Ernst et al (1998) report that mdrla expression 

in culture is not a time-dependent phenornenon, while our studies suggest othenvise. So, 

one of the challenges of this study is that the half-life of one or both of these rnRNA 

species is not a constant over the period of time the study is in progress. 

It is possible, theoretically, to correct for this by modeling the known time-dependent 

induction profiles of the mdrl genes against the results we obtained from our 

hybridization experiments. In this way, we can adjust for the increasing half-lives of 

mdrla and mdrlb. However, for the purposes of this project, we were interested in a 

qualitative assessment of the differences in the decay profiles of the mdrl genes in 

control vs. treated ce11 populations. Modeling performed as described above did not bring 

to light any significant changes in the decay rates of the mdrl genes between control and 

IL-6 treated cells. 



The dynarnic nature of mdrl gene expression in our culture system is one of its largest 

problems. However, it is difficult to obtain hepatocyte ce11 lines (a search of the litenture 

and the American Type Culture Collection website http://www.atcc.org yields many liver 

epithelial and hepatoma ceil lines, but no rodent hepatoc yte ce11 lines). In addition, our 

alternatives were costly, did not meet our criteria andor required extensive testing in 

order to confirm their devance to our models. Finally, the increase in mdrl half-life was 

on1 y a factor when performing the rnRNA decay studies. We were interested in 

comparative, rather than absolute measurement of mRNA decay rates, therefore 

continued to use this model in Our studies. However, we do recognize the problems 

inherent in our model, and the work of another student in the laboratory is centered on the 

examination of the effects of IL-6 and IL- 1 P on MDRl and MRP gene expression in 

human hepatoma ceIl lines (Lee and Piquette-Miller, 200 1). 

In order to determine the decay rate of an rnRNA species. we must inhibit RNA Pol II 

transcriptional activity in the cells, to prevent funher mRNA formation. The inhibitor 

most commonly used in such instances is Actinomycin D (see Lee et al, 1995; Muller et 

al, 1994). ActD is a specific inhibitor of Pol II transcriptional activity; it does not affect 

RNA Polyrnerases I or III. Therefore, the production of rRNA, tRNA and other 

heterologous small nuclear RNA species are not affected. Initially. it was necessary to 

mn ActD optimization studies in which we measured the uptake of 3~ uridine nucleotides 

into nascent RNA species in the presence of varying concentrations of ActD. These 

studies were pattemed after those described in Lee et al. 1995 and Muller et al, 1994. 

However. it has also been reported that ActD is a PGP substrate, and as such could be 



actively secreted from the cultured hepatocytes. As can be seen from Figures 4.57 and 

4.58. low concentrations of ActD did not effectively inhibit Pol II transcription in control 

cells. However, in cells pre-treated with IL-6, which had a reduced PGP expression and 

activity (Figures 4.19.4.27-4.33), al1 concentrations of ActD were effective. Thus, 25 

pgml ActD was chosen, as this was the lowest concentration capable of fully inhibiting 

RNA Pol II transcription in both sets of ce11 populations. Furthemore, as ActD is a 

specific inhibitor of mRNA synthesis. the uptake of 'H-UTP into R N A  and rRNA is not 

inhibited. perhaps thus explaining the high (90%) baseline incorporation rates. ActD 

efflux by PGP may also account for this. It may be that concentrations required to fully 

inhibit RNA Pol II transcription are not k ing  reached inside the cell. due to the active 

PGP-mediated efflux of ActD. 

5.4.3 Effects of IL-6 on mdrl Gene Transcription Rates 

la-6 was found to cause a reduction in mRNA levels of mdrla and mdrlb in treated 

hepatocytes, likely through a reduction in gene transcription. Thus, we examined the 

effect of IL-6 on mdrl gene transcription rates, using nuclear mn-on analysis. We 

observed a significant decrease in (74-784 reduction compared to controls, Figure 4.62) 

in mdrl gene transcription rates in hepatocytes treated with 5 ng/ml IL-6. Since a 

significant decrease in mdrl mRNA levels was seen only after a 24 hr. but not at 18 hr, 

we chose 20 hr as the time point to examine. As alterations in gene transcription rates 

precede changes in rnRNA levels, we hypothesized that any effects at this stage would 

first become observable at that time. 



While these are the first studies to demonstrate decreased mdrl gene transcription in 

cultured rat hepatocytes on treatment with IL-6, previous studies do support the 

hypothesis that inflammatory mediators (TNF-a, interferon-y) can alter mdrl gene 

transcription rates (Evans and Baker, 1992; Kang and Perry, 1994; Stein et al, 1996a: 

1996b; Walther and Stein, 1994; Walther et al, 1995). IL-6 is known to activate the 

CfEBP farnily of transcription factors, inciuding NF-IL-6. APRFlSTAT3 and AP-1 

(Akira ei al, 1994; Kishimoto, 1994; 1995; Kyriakis et al. 1994; Raingeaud et al, 1995). 

This occurs through gp 130-mediated activation of MAPK cascades. or through JAIS2 

(Figure 1.1). As putative conserved binding sites exist for these transcription factors in 

the mdrl promoters of various species (Cohen et al. 1994; Combates et al. 1994; 

Raymond and Gros, 1990; Sundseth et al. 1997: Yu et al, 1993: 1995). it is therefore 

likely that the effects on gene transcription seen in vitro are due to the activation of one 

or more of these transcription factors. However. their involvement in transcriptional 

down-regulation has not been previously reported. On the other hand. several studies 

reported the involvement of IL-6 stimulated transcription factors in mdrl induction. 

Evidence suggests that NF-IL6 binding to the mdrl promoters (Yu et al, 1993; 1995; 

Combates et al, 1994; 1997), has k e n  demonstrated to cause an induction of the human 

MDRI promoter activity in chloramphenicol acetyltransfense constnicts. Likewise, AP- 1 

is also known to be involved in mdrl gene regulation (Teeter et al. 199 1; Daschner et al, 

1999), as is NF-1d3 (Zhou et al, 1996; Zhou and Kuo, 1997; 1998). Et is known that AP-1 

is required for mdrla promoter activity in hamsters. and that this binding site is strongly 

conserved in human, munne and hamster mdr l  promoter sequences (Teeter et al, 199 1). 



NF-KB is also known to possess a binding site on the rat mdrlb promoter (Zhou et al. 

1996). and. is known to play a role in insulin-dependent mdrlb induction (Zhou and Kuo, 

1997). However. to Our knowledge. APRFlSTAT3 has not as yet been demonstrated to 

have a response element in the mdrl promoters. though this possibility canot  be 

excluded. 

Although individually. these transcription factors impose inductive effects, it is possible 

that combination or CO-ordination of their activities may be somehow involved in mdrl 

down-regulation. Indeed, it is known that NF-IL-6 and NF-Y act in a CO-ordinate rnanner 

in the activation of the murine rndrlb promoter (Yu et al, 1995). There also exists 

evidence indicating that crosscoupled NF-KBlp65 and c-fos are responsible for the 

negative regulation of MDRI in adriam ycin-resistant MCF-7 cells (Ogretmen and Saga. 

1999). Lastly, it has been shown that Sp-1 and egr-1 competitively interact to regulate 

mdrlb in rats (Thotassery et al. 1999). These two transcription factors bind to the sarne 

response element; S p  1 appean to op-regulate rndrlb expression while egr- 1 down- 

regulates mdrlb. The relative amounts of each transcription factor determine the extent of 

rndrib induction or repression. It is interesting to note that NF-IL6 and CEBP behave in 

a similar manner in regulating acute phase response genes: recognizing the same response 

element on the promoter, C E B P  up-regulates gene expression while NF-IL6 down- 

regulates promoter activation (Akira and Kishimoto, 1992). Funhermore, it is though t 

that down-regulation of the negative acute phase proteins occurs due to the displacement 

of CEBP from its prornoter binding region by NF-iL6. This is a possible mechanism by 



which the interactions between multiple transcription factors are involved in PGP down- 

regulation. 

While most evidence available suggests that the suspect transcription factors are involved 

in the induction of mdrl gene expression, Yu et al (1993) reported that the AP-1 site in 

the murine mdrlb promoter acts as a negative regulatory element. Also. direct evident for 

the involvement of NF-IL-6, APWSTAT3 and AP-1 in rat mdrl gene regulation has yet 

to be obtained. As can be seen from the pieces of evidence cited above, it is likely that 

transcription factor interactions or alterations in binding patterns are responsible for the 

down-regulation of mdrl by IL-6. 

One difficulty that exists with nuclear run-on analysis in an in vitro culture system is the 

yield of cells necessary to produce a strong signal after hybridization. A whole rat liver 

can yield more than 109 cells. However. in order to get an optirnistic estimated yield of 

10' cells, the minimum amount necessary for one run-on reaction. multiple culture dishes 

need to be pooled. For this reason, we had difficulty isolating enough nuclei to produce a 

detectable signal upon hybridization. In order to produce viable results, two different 

nuclear isolation methods were tested, one based on Tukey and Okino (1991), the other 

as described in the methods. It is this second protocol that produced enough sample for 

study. The transcription rates of mdrla, mdrlb and rndr-î were tested by run-on analysis. 

As we were pnmanly interested in the effects of IL6 on m d r l  mRNA, we did not 

analyze gene transcription rates for spgp. Furthermore, analysis of spgp would have 

necessitated the isolation and subcloning of a cDNA fragment for spgp to act as probe. 



Interestingly, although mdr2 mRNA is not detectable by RT-PCR, we did find that there 

was transcriptional activation of the gene. It is possible that although mdrZ may be 

transcribed in culture, it is so rapidly degraded that it is not easily detectable. An altemate 

possibility is that the nuclear pellet would have a much higher mRNA concentration than 

whole cells, and it may be that RT-PCR analysis performed on nuclear mRNA fractions 

would indeed detect mdr2 expression. 

Effects of Acute Inflammation on mdr Gene Transcription Rates. Cultured rat hepatocytes 

were chosen as the in vitro mode1 system for these studies because they have been used 

before in the studies of inflammation-mediated effects on gene regulation (Gant et al. 

199 1). because they express PGP and because they possess the cytokine response 

pathways we wished to study. As such. a characterization of their signal transduction 

pathways, as well as potentially expensive transfection protocols, which could have 

destroyed the physiological relevance of the system, were both avoided. Since the 

problems inherent in Our in vitro culture system allow the question of whether Our 

observations are tmly IL-6-mediated down-regulation of mdrl, or merely a suppression 

of the induction that usually occurs, we wished to determîne the physiological relevance 

of this finding by examining these effects in vivo. Decreased mdrl mRNA (reductions of 

approximately 60-70%, pe0.05) and gene transcription rates (Figure 4.63) were seen in 

livers of turpentine treated rats 27 hr after the initial injection. 

From the results outlined in Figure 4.63, we cm see a decrease in transcription rates of 

the m d r l  genes. It is interesting to note that this decrease in transcription has a high 



degree of correlation to decreases in mRNA levels seen after equivalent incubation 

periods (Pak. 1998). Thus, results from both our in vivo and in vitro experiments correlate 

well with our laboratory's previously findings in rats (Piquette-Miller et al, 1998), and in 

rnice (Hartmann et al, 1999, in press). This strongly suggests that the decrease in rndrla. 

mdrlb and mdr2 mRNA levels seen during turpentine-induced AI is almost entirely due 

to a decrease in their transcription rates. Since this mode1 of Ai causes the induction of 

IL-6. IL-@ and TNF-a inside the animal (Mackiewicz and Kushner, 1993), and since our 

in vitro studies have indicated that IL-6 is the cytokine primarily responsible for the 

decrease in PGP expression and aciivity, we conclude that the decrease in mdrl gene 

transcription rates is due to IL-6-mediated modulation of these genes. Therefore, we 

conclude that the down-regulation of nzdrl gene transcription seen during turpentine- 

mediated AI is primarily caused by IL-6 mediated effects. As discussed in the earlier 

section, it  is likely that these effects occur through CEBP. NF-IL6. and AP-1. 

Identification of Transcription Fuctofls) Responsible for IL-6 and AI-mediated Effects on 

nidrlb Gene Expression. An increase in DNA-protein complex formation berween our 

mdrl b promoter fragment and nuclear protein was seen in 24 hr and 48 hr turpentine- 

treated samples in GSAs (Figures 4.66 and 4.67). For these studies, an excess of 15 pg 

nuclear protein, in a volume under 5 PI, is necessary for the binding reaction to work 

(results not shown). Nuclear protein sarnples obtained from IL-6 treated cultured rat 

hepatocytes were not sufficiently concentrated or in sufficiently high abundance for use 

in our GSAs. 



As noted above, no sequence for the rat mdrla promoter as yet exists, and so no studies 

could be conducted on that gene. When considering decreased transcription rates. several 

possible reasons exist: First, a "repressor" transcription factor could bind to a response 

element in the gene's URS, and in this manner prevent transcription. Second, a specific 

transcription factor required for transcriptional activation can be prevented from binding 

by an activated repressor protein in the nucleus. Lastly, the entire transcription complex 

can be prevented from binding to the U R S  of the gene. 

However, as we observed no alteration in band migration patterns in control vs. treated 

nuclear protein extracts, it is unlikely that transcriptional repression is due to the binding 

of an additional transcription factors. It is also unlikely that binding of a transcription 

factor is k ing  repressed. It is more likely that the behavior of the single observed 

transcription factor complex is king altered. In addition, since we saw an induction in 

complex formation, nther than a reduction, we must look for an altemate explmation. As 

mentioned previously, NF-IL6 and CEBP are known to competitively regulate acute 

phase gene expression (Akira and Kishimoto, 1992). The induction of an acute phase 

response triggers a correspondingly large increase in NF-IL6 Ievels. Since a binding site 

for these two transcription factors is thought to be present on the mdrlb promoter, and, 

indeed, we located multiple putative NF-IL6 recognition sites on our promoter fragment, 

it is therefore likely that mdrlb is regulated in this manner. Alteration in band migration 

pattern is not visible as CEBP and NF-IL6 are highly homologous and differ in size by 

Q kDa (approximately 15 amino acids, Akira and Kishimoto, 1992). The increased 



presence of the transcription complex in inflamed samples may indicate saturation of the 

available binding sites by NF-IL6. 

We therefore postulate a mechanism as follows: The induction of an AI leads to the 

induction and release of the pro-inflarnmatory cytokines IL-6 and IL-1 B. Based on our in 

vitro studies, it is likel y that IL-6 is pnmarily responsible for earl y effects on the mdrl 

promoters; these effects occur likely via the IL-6 signaling pathway: The gp130 signaling 

subunit and MAPK cascades (Figure 1.3). This response pathway in tum activates NF- 

IL6, APRFiSTAT3 a d o r  AP-1. NF-IL6 then effectively cornpetes for binding to the 

transcription complex, inactivating it and down-regulating mdrl  promoter activity. 

Although it is likely that p53 and NF& are involved, dong with Pol II, in the formation 

of the complex we detect, further experiments are necessary to characterize the 

components of this transcription complex. 

5.5. Effects of Other Cytokines on PGP Expression and Activity 

5.5.1. Effect of the IL-1 Family of Cytokines on PGP Expression and Activity 

In hepatocytes treated with IL- l p. we observed decreases in PGP protein expression and 

functional activity after 72 hr incubation (Figures 4.19.4.44-4.48). In contrast to effects 

observed with IL-6, mdr  mRNA levels were not significantl y affected by IL- 1 B treatment 

(Figures 4.49-4.5 1). Furthemore, effects on immunodetectable leveis of PGP were only 

seen after three to five days of IL-lp treatment, whereas effects of IL-6 were seen within 

24 houn. This suggests that IL- I P and IL-6 influence PGP expression through different 

mechanisms. IL- 1 B-mediated changes in PGP expression li kely occur through post- 



transcriptional processes, such as decreased protein stability or translation rates. It has 

been demonstrated that the hdf-life of PGP is dramatically prolonged (from 17 hr to 73 

hr) (McGowan et al, 1996; Muller et al, 1995) in hepatocytes maintained in senim- 

deprived medium, as was utilized in our studies. Thus, changes occumng at the level of 

protein expression would require relatively lengthy incubation, consistent with our 

findings. On the other hand, IL- i f3 has been reported to induce the expression of IL-6 in 

vivo (O'Shaughnessy et al, 1996) as well as in vitro (Ogilvie et al, 1996: Romero et al. 

1996). It could be hypothesized that effects of IL- 1 p  occur through IL-6, providing 

another explanation for the time delay observed. However, induction of iL-6 requires the 

presence of Kuppfer cells in the culture system (Kispert. 1995), and our culture system is 

set up to select against Kuppfer cells. RT-PCR analysis of IL-@ treated cells indicated 

that IL-6 mRNA was not expressed. niling out this hypothesis. An alternate explanation 

is that the decrease in PGP protein expression is a symptom of a general down-regulation 

of cellular activities. This is supported by the significant decrease in GAPDH mRNA 

expression that we see here. 

Interestingly, levels of GAPDH mRNA in L I S  treated cells were significantly lower 

than those of controls (Figure 4.25). Signi ficant effects on GAPDH expression were not 

observed for the IL-6 treated cells. High doses of IL-IP have been previously reported to 

induce cytoxicity (Ogilvie et al, 1996), however, at concentrations used. we did not 

detect significant effects on cet1 viability. Although causes for the reduced GAPDH 

expression have not been elucidated. it has been hypothesized that the pro-inflammatory 

cytokines induce general stress-activated signahg pathways in the ce11 (Raingeaud et al, 



1995) potentially affecting expression of numerous genes. Nevertheless. alterations in 

GAPDH could mask significant reductions in mdr mRNA levels in treated cells. The 

possibility of IL- lB mediating changes in mdr mRNA expression cannot be excluded, but 

from the results obtained, does not appear likely. Future studies will require the use of 

other intemal standards dunng rnRNA analysis. Future studies perhaps need to include 

the use of internai standards at the level of protein, as well as RNA. in order to track toxic 

effects and aid in the choice of intemal standards for protein and RT-PCR analysis. 

Testing of the hypothesis that L i $  affects PGP protein stability or synthesis rates would 

be diffïcult in our in vitro system. A PGP protein stability study requires maintenance of 

primary hepatocyte cultures for up to 10-12 days, and as discussed in the rationale, ii is 

difficult to maintain primary hepatocyte cultures for longer than 7 days. In addition. there 

are a variety of technical issues that would need to be dealt with before these studies 

could be undertaken. Some of these issues are metabolic labeling of PGP, 

immunoprecipitation of the metabolicaily labeled protein, and the performance of in vitro 

translation reactions. 

Influence of IL-ID on IL-6-Mediated Effects on PGP Expression. It is known that. in vivo, 

the in flammatory response leads to the production and release of mu1 tiple cytokines with 

overlapping effects, exerting a complex network of biological activities. For instance, IL- 

1B exhibits synergistic as well as inhibitory effects on IL-6 mediated regulation of al- 

acid glycoprotein and fibrinogen (Koj et al. 1987). As a result, effects of cytokines in 

vivo may be greater, or different than that observed in vitro. PGP regulation by IL-6 and 



IL-1B occurred only within a narrow concentration range for both cytokines. Moreover. 

IL- 1 p appeared to influence IL-6-mediated effects on PGP expression. After 24 hours, we 

saw a 55% reduction in PGP protein levels in cells CO-incubated with L-6 and IL- 1 

(Figures 4.34-4.36), substantially Iarger than the 36% or 11% reductions seen with 

incubations with either IL-6 or IL-1p alone. This could imply an additive influence of IL- 

l p  and IL-6 on PGP expression. However changes in mRNA expression did not 

correspond to that seen with protein (Figure 4.3 1). That is, mdrlb Ievels were slightly 

but not significantly decreased in the CO-incubated cells. As mRNA levels were 

significantly decreased in cells treated with IL-6 alone, this suggests an inhibitory 

influence of IL- 1 on IL-6-mediated regulation of mdrlb. Therefore, decreases in 

immunodetectable PGP after IL- 1 and IL-6 CO-incubation likely result frorn additive 

effects on protein stability, such as that h ypothesized for iL- 18. 

5.5.2. LIF 

No significant effects on PGP expression were seen after 24 hr incubation with LiF 

(Figures 4.39 and 4.40). LIF is a member of the IL-6 like family of cytokines, dong with 

IL- l 1 and Oncostatin-M (Meager, 1998). As the receptors for each of these cytokines 

share the subunit, gp 130, which is responsible for tnggenng signal cascade sequences 

within the cell. these cytokines are often functionally redundant (Hibi et al, 1990; Taga et 

al, 1989). Therefore, we expected that LIF would mediate an effect on PGP expression 

similar io that of IL-6. In fact. a rnoderate trend in reduction in PGP protein expression 

after 24 hr incubation with LIF was observed (34% decrease relative to controls, p4.15). 

However. this reduction is most evident only with a higher concentration (10 @ml as 



opposed to 5 nglml). RT-PCR analysis on the mRNA levels of the mdr genes reveals only 

minor reductions, again nonsignificant, in gene expression after treatment with 10 ng/ml 

LIF for 24 hr. However, after 48 hr, a large induction of both mdrl genes was evident. 

It is interesting to note that the regulation of PGP by IL-6 and L E  appears to occur over a 

narrow concentration range. Although PGP expression was decreased with 5 ng/ml IL-6. 

higher concentrations were not associated with any significant changes. In fact, higher 

concentrations of cytokine (>IO nglml) tended to increase, rather than decrease levels of 

PGP in the cells. Longer exposure times beyond 24 hours incubation for LIF appeared to 

increase, rather than decrease PGP levels, an effect similar to that previously described 

for IL-6 (Pak, 1998). There are two possible hypotheses that could account for this 

observation. Fint, longer incubation periods or higher cytokine concentrations could 

cause desensitization of the receptor and signaling system. Second, the activation of an 

altemate induction pathway that may counteract the down-regulation seen with lower 

concentrations or shorter incubations. Further studies to establish the mechanism 

involved will investigate this. 

5.5.3. Effect of TGF-Bi on PGP Expression 

We observed a 3-5 foold induction in PGP protein expression in hepatocytes treated with 

1-10 nglml TGF-pi for 24 hr (Figures 4.52,4.53). However. a corresponding induction of 

the mdr genes was not detected by RT-PCR analysis (Figure 4.54). Since it is known that 

TGF-b has anti-inflammatory properties, we hypothesized that incubation of hepatocytes 

with TGF-B may trigger an induction of PGP expression. Indeed, we observed a 3-5 fold 



induction in PGP expression after 24 hours incubation with 1-10 nglml TGF-B. At 

treatment concentrations of 25 nglml. no induction of PGP was evident, though it would 

be expected that increasing treatment concentrations would cause increasing induction of 

PGP. It is likely that ce11 toxicity and ce11 death associated with higher TGF-pi 

concentrations were responsible for the sudden drop in ce11 responsiveness to this 

inducing agent. Likewise, we also saw a signifiant decrease in GAPDH expression in 

cells treated with 25 ngtml TGF-pi. A trend towards decreased cell viability was seen in 

cells treated with 10 nglml TGF-p; it is likely that ce11 viability was further decreased at 

higher concentrations. but this was not tested due to practical considerations, such as 

cytokine cost and availability. Combined, these pieces of evidence suggest that. at high 

concentrations of TGF-p, the general metabolic processes of the ce11 are substantially 

impaired, implicating a general down-regulation of protein synthesis as the cause for the 

lack of induction of PGP seen at 25 ng/ml. 

The effect of TGF-BI on rndr mRNA levels was examined at two time points ( 12 and 24 

hr) and two concentrations (10 and 25 @ml). In conkast to that seen with PGP protein 

levels, induction of rndrla. mdrlb or spgp was not seen in any of the conditions tested. 

However, as noted previously. GAPDH expression was decreased after 24 hr incubation 

at both concentrations. This is possibly due to the activation of stress-response pathways 

as described previously (Raingeaud et al. 1995). Therefore, normalization of the raw 

band intensities to those of GAPDH could not be performed. Analysis of r W A  band 

intensities was used insted. However. as we were unable to detect any substantial 

inductions in RT-PCR products of the mdr genes, it is likely that these genes were not 



induced to any substantial extent. Thus, it is likely that any effect that TGF-f!, has on 

PGP expression is limited to post-translational rnechanisms. The effects of TGF-Di 

appea. to be dependent on ce11 type, as short term exposure to glioblastoma cells 

reportedly imposes a reduction in PGP expression (Schluesener, 199 1), while long term 

exposure (A week) in hepatocytes causes an induction (Zhang er al, 1994). Lengthy 

exposure to chemotherapeutic and cytotoxic agents also causes PGPlmdrl induction 

(Shen et al, 1986). It is likely that the concentrations used in our expenrnents were 

suitably high to provoke short-term induction before ce11 death, as evidenced by 

decreased GAPDH expression and a trend towards decreased viability. took hold. 

5.6. Summary 

Based on Our in vitro studies, we saw that IL-6 has short-term effects on m d r l  

transcription rates, while IL- 1 B has longer-term effects on PGP protein expression. Even 

though how these two cytokines may act in concert is not yet fully understood, it seems 

from our studies that they do have an additive effect when present together. Consistent 

with its anti-inflmmatory properties. its release near the end of an AI and its known IL-6 

antagonism, TGF-pi is responsible for a short-terni induction of PGP protein expression 

at the concentrations we tested. Our in vivo studies demonstrated that turpentine-induced 

AI caused a down-regulation of mdrl transcription rates and promoter activity, and this 

was likely due, in particular, to the inhibition of activation of the transcription factor 

complex binding to the mdrlb promoter region. Although we could not duplicate these 

expenments in vitro, there is supporting evidence to suggest that IL-6 is primarily 

responsi ble for this effect. 



6. SUMMARY AND CONCLUSIONS 



6. Conclusions 

6.1 Review of Project Objectives 

The objectives for this project were as follows: 

1. To ascertain the influence of pro-inflarnmatory cytokines (IL-6, IL- lp. LIF. TGF-BI) 

on PGP expression in hepatocytes. 

2. To delineate cellular mechanisms b y w hich c ytokine-mediated PGPlmdrl regulation 

occurs. 

d) Decay rates of the mdrl genes were to be exarnined via Northem and Slot 

Blotting. 

e) Transcription rates of the mdr genes were examined via in vitro transcription 

reactions and Nuclear Run-On anal ysis. 

f) Initial studies examining the alteration of transcription factor binding to the 

mdrlb promoter by cytokine treatment and AI were examined by gel shift 

assays. 

3. To establish whether AI-mediated down-regulation of mdrla, mdrlb and mdr2 which 

were previously observed in vivo occurs through an alteration in mdr gene 

transcription rates. 

4. To develop a sensitive quantitative reverse transcription-polymense chain reaction 

(RT-PCR) assay capable of analyzing Iow levels of gene expression in ce11 culture 

samples. 



Each of these objectives were met. The RT-PCR protocols were validated continuously 

throughout the course of the project. In addition. methods to analyze mEWA decay and 

gene transcription rates, Northem and Slot Blotting and their attendant protocols, as well 

as nuclear isolation and in vitro transcription analysis, subcloning, nuclear protein 

isolation. and gel shift assays were modified and utilized in the laboratory. The effects of 

IL-6, IL- 1 P, TGF-pi and LIF on PGPlmdr expression have been examined, and where 

possible. evaluation of the underlying molecular mechanisms was undertaken. Lastly. a 

cornparison of the in vitro effects of IL-6 and the in vivo effects of acute inflammation on 

mdr gene transcription rates was performed. 

6.2 Summary & Conclusions 

In summary, our data suggest that IL-6 suppresses induction of rndrla and nidrlb in 

cultured rat hepatocytes thereby decreasing the expression and activity of PGP. IL- Ip 

was found to decrease the protein expression and activity of PGP. Results from our in 

vitro studies demonstrating notable differences in mdr mRNA changes and the temporal 

pattern of PGP suppression suggest that IL- 1 f3 and IL-6 down-regulate PGP expression 

through different mechanisms. IL-6 appears to down-regulate PGP expression at the level 

of rnRNA. due to a reduction in the transcription rates of rndrla and mdrlb, but no effect 

was seen on mdrl rnRNA stability. On the other hand. as IL- 1 B was not observed to alter 

mdrl mRNA levels. It is likel y that IL- 1 f3 alters PGP protein expression through post- 

tnnslational changes. In vivo, IL-lp and IL-6 may work in concert. resulting in possible 

additive and/or spergistic effects on PGP expression. In fact. combination experiments 

with both IL-6 and IL-@ showed an increased suppression in PGP protein levels, while 



changes in mdrl mRNA levels were inhibited. In addition. these studies indicated that IL- 

6 suppresses mdr mRNA and PGP levels similar to that observed in vivo in experimental 

models of inflammation (Piquette-Miller et al, 1998), thus suggesting that IL-6 is 

involved. in part. in the physiological regulation of PGP. 

Nuclear run-on experiments conducted in vivo in rats showed a decrease in indrl mRNA 

and gene transcription rates during turpentine-induced AI. similar to that seen with IL-6 

in vitro. Furthemore, gel shift assays conducted on in vivo control and turpentine-treated 

samples revealed that a single DNA-pmtein complex is formed in control samples. There 

was no difference in the migration pattern of this complex in the treated samples. nor was 

there formation of additional complexes. However, there was an induction in the intensity 

of the single band in the treated samples relative to controls. which was consistent with 

the hypothesis that NF-IL6 binds in place of CIEBP in the inflarned samples. Therefore, 

we postdate that the transcriptional downregulation of the mdrl  genes observed both in 

vivo and in vitro was due to the inhibition of the activation of this complex, possibly due 

to the binding of NF-IL6 in place of CEBP in the treated samples. 

Studies exarnining the effects of other members of the IL-6 family of cytokines 

(specifically, LIF) were not found to elicit similar changes in PGP protein expression. 

although sirnilar trends were seen. Effects at the level of mRNA were different, with 

greater effects on spgp than on the mdrl genes. TGF-p. in keeping with its known IL-6 

antagonistic properties, causes an induction in PGP expression. 



Overall, our studies demonstrated a correlation between the in vivo effects of turpentine- 

induced AI on PGPlmdrl expression in rat livers and the in vitro effects of IL-6 on 

PGPlmdrl expression in cultured rat hepatocytes. Further studies to delineate the effects 

of cytokines on PGPIMDRl expression in human ce11 lines (physiologically normal as 

well as cancer ce11 Iines) are necessary in order to determine the clinical relevance of 

these finding. These studies are essential in determining physiological mechanisms of 

PGPlmdrl expression in disease states. and may one day aid us in establishing 

therapeutic strategies to overcome the MDR phenotype. 
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