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iv

Abstract

Dopamine-1A (D1A) Receptor Gene Transcription in Renal Cells:
Evidence for Novel CRE-like and 5’-UTR Intronic Elements.
by
Dawn A. O’Rourke

Advisor: Dr. Dennis P. Healy

The purpose of this study was to characterize the dopamine-1A (D, , ) receptor
gene promoter in renal epithelial cells. D,, receptor gene transcription was elevated in
LLC-PK, cells following short termn exposure to dopamine, as D, , receptor nRNA
levels were increased D, , receptor mRNA stability was decreased. Transcriptional
regulation of the D,, receptor gene was further examined using constructs containing
progressive deletions in the D,, 5’-flanking region (-3kb to +53) placed upstream of a
promoter-less chloramphenicol acetyltransferase reporter gene (pCAT). The highest
actvity (>50 fold) in LLC-PK, cells was isolated to a construct which extended to -
303. DNase I analysis and gel mobility shift assays indicated that several consensus
sites (AP2, CRE-like, E-box, GC-box, Sp1/Egr-1) within -240 to -40 of the D, ,

receptor gene bound LLC-PK, nuclear extracts.

The CAT activity of pCAT-303 increased 2-fold in response to increased
intracellular cAMP. The -303 to +962 sequence contains two cAMP response-like
elements (CRE) separated by 3 bases: 5’-CRE, AGACGTCA, and 3’-CRE;
GGACGTCC. The 3’-CRE is better conserved across species and a single base
substitution within the 3’-CRE reduced the CAT activity of the pCAT-303 construct to

twice basal, indicating the 3’-CRE plays a role in basal and inducible expression of the
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D, . receptor gene. Placement of the 5’- and 3’-CRE sequences in front of a
heterologous promoter stimulated CAT activity (nearly 3-fold) independent of

orientation.

Attempts to further delineate the porcine D, , receptor activating sequence to
regions upstream (-303/+38) or downstream (+53/+962) of the transcription start site
proved neither region was able to independently promote reporter activity. DNase I
analysis and gel mobility shift assays demonstrated that LLC-PK, nuclear proteins
could bind to the 3’-intron sequence. Detailed analysis of the 5’-UTR indicated that
depending on context the intron can be either a positive or negative element and that an
interaction between the 5’-UTR intron and that upstream elements are required for
transcriptional activation of the D, , receptor gene promoter in renal cells. This is the
first evidence that a G-protein coupled receptor gene is regulated by interactions

between elements within a 5’-UTR intron and a promoter.
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VI. A. Background

Essential hypertension is a complex polygenic disease which is thought to result
from a combination of genetic and environmental factors that interact to increase blood
pressure. Hypertension has been implicated in the development of congestive heart
failure and myocardial infarction (Benjamin et al., 1994; Goldberg, 1972; Lokhandwala
and Amenta, 1991; Wang et al., 1993; Lee, 1982) and is directly related to the
acceleration of arteriosclerosis, stroke and end stage renal disease (Klag et al., 1996;
Kannel et al., 1970; Lassen, 1996; Campese, 1994). Several forms of hypertension
are aggravated by sodium loading and are termed salt-sensitive. Multiple hormonal
systems exert control in blood pressure regulation, including the renin-angiotensin,
vasopressin, atrial natriuretic factor peptide and kallikrenin/kinin (Jose et al., 1993),
and abnormalities in the regulation of these systems, principally in the kidney, have
been linked to these essential systems (Woolfson and de Wardener, 1996). One such

system that has received attention is the renal dopaminergic system.

Intravenous administration of dopamine leads to an increase in sodium and
water excretion and an increase in renal blood flow in most mammals (McDonald et al.,
1964; Lokhandwala and Amenta, 1991; Jose et al., 1992; Hedge et al., 1989a). In
addition, there is strong evidence that the kidney produces dopamine in response to
sodium loading (Suzuki et al., 1984; Hayashi et al., 1990). Dopamine is synthesized
from decarboxylation of L-dopa by aromatic L-amino acid decarboxylase. The renal
source of L-dopa appears to be from the circulation and not overflow from the
sympathetic nerves (Baines et al., 1985). L-Dopa is removed from the renal filtrate
(Baines and Chan, 1980) in a sodium dependent manner (Lee, 1982). Aromatic L-
amino acid decarboxylase levels are high in the proximal tubules as demonstrated by

histochemical and immunofluorescence techniques (Hagege and Richet, 1985;
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Goldstein et al., 1972; Meister et al., 1992). Benserazide, an aromatic L-amino acid
decarboxylase inhibitor, attenuates the natriuretic response to sodium loading,
providing evidence that locally formed dopamine is involved in mediating the natriuretic
response (Aperia et al., 1987). Similarly, inhibition of aromatic L-amino acid
decarboxylase by carbidopa blocked dopamine production and attenuated adenylyl
cyclase activity in a proximal tubule-like cell line, LLC-PK; (Grenader and Healy,
1991). Thus, locally synthesized dopamine may act in an autocrine or paracrine

manner at dopamine receptors in the kidney (Grenader and Healy, 1991).

Renal dopamine receptors like their CNS counterparts are classified as either
D,-like or D,-like. Renal D;-like receptors are linked to cAMP production through G,
(stimulatory guanine nucleotide binding protein) (Cheng et al, 1990, Grenader and
Healy, 1991) and renal D, receptors are coupled to adenylyl cyclase through G;
(inhibitory guanine nucleotide binding protein) (Felder, 1984). In addition, renal D,
receptors are present in the medulla which are linked to accumulation of prostaglandin
E; (Huo and Healy, 1991). The role of D, receptors in the natriuretic response to
dopamine is not clear. Of the five mammalian dopamine receptor genes which have
been cloned, evidence has been provided that indicates that all five dopamine receptors
are present in the kidney: Dy 5, Dyg, D3, D3, D4 (Grenader et al., 1995; Nash et al.,
1993; Solokoff et al., 1993; Huo et al., 1991; Sun and Schafer, 1996). Cloning of D;4
receptor s expressed in the kidney indicated that they are identical to D, receptors
expressed in brain (Nash et al., 1993; Grenader et al., 1995). D, and D, receptors are
located in the renal artery, proximal tubules, cortical collecting duct and the medullary
thick ascending limb (Jose et al., 1992). However, radioligand binding experiments
and autoradiography indicated that D receptors are primarily localized to proximal
tubules (Huo and Healy, 1989; Felder et al., 1989a; Jose et al., 1992; Ricci et al.,

1992). The relative density of D, receptors in the proximal tubules is significantly
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higher than the D,g expression (Nash et al., 1993; Albrecht et al., 1996).
Autoradiography experiments demonstrated that D, receptors are concentrated in the
inner medulla of the kidney (Huo and Healy, 1989). D; receptor mRNA was detected
in the kidney by solution hybridization experiments. Pharmacological evidence of D4

receptors in the kidney has recently been reported (Sun and Schafer, 1996).

Dopamine induces cardiovascular and renal effects via its actions at o

adrenergic, -adrenergic and dopaminergic receptors (Lee, 1982; Goldberg, 1972). At

high doses, a-adrenergic vasoconstriction increases total peripheral resistance and

elevates blood pressure. At intermediate doses, dopamine decreases total peripheral
resistance and blood pressure due to renal and mesenteric vasodilatation (Goldberg,
1972). Dopamine may also increase cardiac contractility and cardiac output without
significantly altering heart rate or blood pressure through B,-adrenergic receptors in the
heart (Goldberg, 1972, Lee, 1982). At low doses, dopamine increases renal blood
flow, glomerular filtration and sodium excretion (Hedge et al., 1989). The unique
renal and hymodynamic effects of dopamine have made it useful in treating shock,

congestive heart failure and oliguric renal failure (Goldberg, 1972).

The natriuretic actions of dopamine are attenuated by D, selective antagonists in
a dose-dependent manner (Fredrickson, 1987; Hedge et al., 1989; Bass and Murphy,
1990: Pelayo et al., 1983; Hansell and Fasching, 1991). Siragy et al. (1989)
demonstrated that D, antagonist, Sch 23390, decreased urine flow and sodium
excretion without changing renal plasma flow, glomerular filtration rate, systemic
arterial pressure, plasma aldostcrone and was reversed by D, agonist, fenoldopam.
These results provide evidence that natriuretic actions of dopamine are mediated by a D,

receptor mechanism in the proximal tubule cells in the kidney. A direct consequence of
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D, receptor activation in proximal tubule cells is dopamine-mediated inhibition of the
Na*/K* ATPase (Aperia et al., 1987; Bertorello et al., 1988) and inhibition of Na*/H"
exchanger (Felder et al., 1990; Gesek and Schoolwerth, 1990) activity. Increased
sodium and water excretion is due to the actions of dopamine at D, receptors in the
proximal tubules and distal segments of the nephron (Lee,1982; Felder et al., 1989a;
Grenader and Healy, 1991, Huo and Healy, 1989).

One strategy that has proven to be useful in identifying genes that are important
in a diseased state (i.e. hypertension) is to focus on genes likely to be involved in the
regulation of blood pressure (Jose et al., 1992). Since dopamine produced by the renal
tubules is an important intrarenal modulator of sodium excretion, it has been proposed
that a dysfunctional renal dopaminergic system may contribute to the development of
genetic hypertension (Kuchel et al., 1987). Recent experiments using transgenic mice

in which the dopamine-1A receptor (D, ,) gene was knocked out indicated that mice
lacking one or both D, alleles develop diastolic hypertension (Albrecht et al., 1996).

Although a mutation in the coding region of the D, receptor has not been found and
the molecular mechanism of the D, receptor defect involved in the etiology of
hypertension remains elusive, a causal relationship has been established between the

dopamine-1A receptor gene and hypertension (Albrecht et al., 1996).

Accumulating evidence supports the hypothesis that decreased renal dopamine
production contributes to the etiology of sodium dependent hypertension. In clinical
studies, normotensive subjects typically exhibit increased renal dopamine production as
observed by high levels of dopamine and its metabolites in their urine following
ingestion of a high sodium meal (Gill et al., 1988). This normal physiological
response was not observed in salt-sensitive hypertensive patients (Gill et al., 1988).

Abnormalities in dopamine excretion persist in hypertensive patients after increased
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dietary precursors for dopamine were provided (via protein meal) (Clark et al., 1992)
and is consistent with a renal defect in conversion of L-dopa to dopamine. A defectin
the ability of aromatic L-amino acid decarboxylase to convert L-dopa to dopamine in the
renal tubules has been further implicated as a contributing factor to hypertension since
patients with stable essential hypertension exhibit high plasma levels of L-dopa yet
excretion rates of dopamine and its metabolites remained comparable to control subjects

(Kuchel and Shigetomi, 1992).

Defects in D,-like receptor coupling have also been associated with the
development of hypertension. Alterations in the renal dopaminergic system are
considered to be contributing factors of genetic hypertension in two commonly used
animal models, Dahl salt-sensitive (Ohbu et al., 1995) and spontaneously hypertensive
rats (Felder et al., 1993; Gurich and Beach, 1994). The dopamine-1 (D,) receptor
subtype expressed in the proximal tubules of these animals is normal but the signaling
cascade responsible for coupling the D, receptor to adenylyl cyclase is defective. The
defect appears to be receptor specific (Kinoshita et al., 1990) and restricted to proximal
tubules (Ohbu and Felder, 1993). The major consequence of defective D; receptor
coupling is the decreased ability of D, agonists to inhibit the Na+/H+ exchanger and
Na+/K+ ATPase activity (Jose et al., 1993; Gurich and Beach, 1994; Felder et al.,
1989; Lokhandwala, 1991).

It is clear that many factors influence the development of hypertension.
Sufficient evidence has established a relationship exists between the D, receptor gene
and salt-sensitive forms of hypertension. The molecular mechanisms which regulate
the expression of the renal D4 receptor gene are unknown. Therefore, in order to

understand the pathological consequences that may arise as a result of defects in the
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renal dopaminergic system and design therapeutic approaches to modulate this system

in the future, it is important to study the regulation of the D, receptor gene expression.

VI. B.1. Pharmacological Properties of Dopamine Receptors

As members of the G-protein coupled receptor superfamily, dopamine receptors
(Civelli et al., 1993) are presumed to possess seven transmembrane domains.

Comparison of the primary amino acid sequence of the dopamine receptor to the

rhodopsin and B-adrenergic receptor sequences predicts they share a similar three-

dimensional structure (Suryanarayana et al., 1992). Five mammalian dopamine
receptors have been identified in the CNS and cloned. Bascd on their pharmacological

and biochemical properties, they have been subdivided into two families: D1-like and
D2-like (Kebabian and Calne, 1979). Presently, the mammalian D1-like subfamily
contains only the D,, and D (formerly D5s) receptors (Sunahara et al., 1990; Sunahara
etal. 1991). Two additional D, receptors, D¢ and D;p, were cloned from non-

mammalian vertebrates (Sugamori et al., 1994; Demchyshyn et al., 1995), suggesting

that a greater heterogeneity may exist among the mammalian D1-like receptor family

than previously anticipated.

D,-like receptors have a high affinity for benazepine ligands including the D,
antagonist, Sch-23390 (Civelli et al., 1993). They are coupled to the stimulatory
guanine nucleotide binding protein, G, (Gingrich and Caron, 1993). Agonist-induced
activation of the D,-like receptors is followed by the subsequent activation of adenylyl
cyclase (Kebabian and Greengard, 1971; Monsama et al., 1990). There is also some
evidence that the renal D, 5 receptor may couple to the phospholipase C signaling
pathway (Lokhandwala and Amanta, 1991; Jose, 1993; Mahan et al., 1990). The D,-
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like family includes the D,, D5, and D, receptors and show selectivity for
butyrophenones and substituted benzamides (Civelli et al., 1993). Structurally D,-like
receptors differ from D -like receptors in that the third cytoplasmic loop of the D,-like

receptors is relatively longer (Selbie et al., 1989; Grandy et al., 1989; Monsama et al.,
1989). D,-like receptors primarily couple to the inhibitory guanine nucleotide binding

protein, G;, and consequently inhibit adenylyl cyclase activity (Onali et al., 1985).

VI. B.2. Localization of Dopamine Receptor mRNA and Protein

The presence of dopamine receptors in the central nervous system has been
described based on ligand binding and receptor autoradiography experiments (Civelli et
al., 1993). In situ hybridization indicates heterogeneity of dopamine receptor
expression in the CNS (Fremeau et al., 1991; Meador-Woodruff, 1991 et al.; Mansour
et al., 1990; Meador-Woodruff et al., 1989; Mengod et al., 1989). Although dopamine
receptors are expressed in a tissue-restrictive manner, pharmacological and biochemical
techniques indicated that dopamine receptors were located in the periphery as well
(Sunhara et al., 1990; Felder et al., 1989a; Huo and Healy, 1989). Cloning of
peripheral dopamine receptor genes proved to be challenging since detection of
dopamine receptor mRNA in the periphery was more difficult than in the brain.

Northern hybridization experiments utilizing the D, receptor from brain as a probe to

screen RNA from peripheral tissues consistently yielded negative results. Use of more
sensitive methods such as reverse transcription-polymerase chain reaction (RT-PCR)
and solution hybridization indicated that the D, and D, receptor mRNAs were present in
the kidney (Yamaguchi et al., 1993; Solkoloff et al., 1990). Although it has been
suggested that dopamine receptors in the central nervous system exhibit higher binding

affinities for D, ligands than do the peripheral receptors, the discrepancy may be due to
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different levels of receptor density (Gingrich and Caron, 1993; Felder and Jose , 1988;
Felder et al., 1990; Dearry et al., 1990).

The difficulty in cloning peripheral dopamine receptor genes lead to the
speculation that an additional dopamine receptor subtype(s) may be expressed in the
kidney. However, the D5 receptors from the opossum kidney (OK) cell line (Nash et
al., 1993) and the LLC-PK, renal cell line (Grenader et al., 1995) have been cloned and
are identical to the D, receptors expressed in the brain. Opossum kidney expresses
both the D, and D, ; receptor subtypes as demonstrated by RNase protection studies
(Nash et al., 1993). Mammalian dopamine receptors may be differentially expressed as
they are in Xenopus laevis (Sugamori et al., 1994). Xenopus kidney only expresses
D, and D receptors whereas all three D,-like receptors (D, ,, D5, D, ) are expressed
in Xenopus brain. The size of the D, transcripts in the striatum and kidney are
essentially the same (4.2 vs. 4.4 kb). Interestingly, northern hybridization of poly
(A*) RNA from renal cells (LLC-PK,, porcine renal epithelial cell-line) indicated that
there is a weak signal at 6.3 kb (Grenader et al., 1995). Whether this signal represents
a functional transcript is not known. It is possible that this weak signal at 6.3 kb
represents another dopamine receptor subtype since new subtypes have been isolated in
vertebrates (Sugamori et al., 1994; Demchyshyn et al., 1995). Thus, although the
existence of additional D,-like receptors in nonmammalian vertebrates indicates that
mammalian counterparts rﬁay yet be isolated, currently there is no evidence for a novel

peripheral dopamine receptor.

The D5 receptor gene expressed in the proximal tubule-like porcine renal

epithelial cell line, LLC-PK,, has been cloned (Grenader et al., 1995). The porcine

D 4 receptor protein is 95% identical to the human D, , receptor (Grenader et al., 1995)
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at the amino acid level (Figure 1). The porcine D;, receptor may be post-translationally
modified since it contains sequence motifs for two N-linked glycosylation sites, two
protein kinase C (PKC) sites (in contrast to the human receptor which has only one
PKC site), and three CAMP-dependent protein kinase (PKA) consensus sites. In
addition, a highly conserved cysteine residue in the carboxyl-terminus may be
palmitoylated in a manner analogous to the human D, receptor (Ng etal., 1995). The
porcine Dy, receptor contains several serine and threonine residues in the carboxyl-
terminus which are putative substrates for phosphorylation by G-protein coupled
receptor kinases (GRK) (Grenader et al., 1995). The renal effects of dopamine are
mediated primarily by D, receptors in the proximal tubules (Aperia et al., 1987). For

this reason, the LLC-PK, cell line provides a useful model system to study D, receptor

mechanisms (Yamaguchi et al., 1992; Grenader and Healy, 1991; Huo and Healy,
1989; Hagege et al., 1985; Lokhandwala and Amenta, 1991).

VI. C.1. G-Protein Coupled Receptor Desensitization

Desensitization of G-protein coupled receptors has been investigated
extensively. The B,-adrenergic receptor is the prototype for G-protein coupled
receptors and the molecular mechanisms of B ,-adrenergic receptor desensitization
(Inglese et al., 1993; Pei et al., 1994; Kong et al., 1994; Kim et al., 1993) are well
established. Thus, the B,-adrenergic receptor (B2AR) serves as a paradigm for
desensitization of G, coupled receptors. Desensitization of G-protein coupled receptors
is classified as either homologous or heterologous (See Benovic, 1988 for review).
Homologous desensitization of receptors occurs after short term agonist exposure and
results in post-translational modifications of the activated receptor (Gingrich and Caron,

1993). It has been suggested that homologous desensitization is regulated by G-protein
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receptor kinases (GRKs) and PKA which (Benovic, 1988; Lefkowitz, 1993)
phosphorylate and subsequently uncouple the receptor from its regulatory G-protein.

Phosphorylation of the activated B,AR by B-adrenergic receptor kinase, BARK,

promotes association with -arrestin, a protein which is recruited to the B,-adrenergic
receptor by association with B Y G-protein subunits. B-arrestin sterically hinders further

interactions between the activated receptors and G-proteins, temporarily inactivating the
signal transduction pathway (Lefkowitz, 1993). B-arrestin acts as an intermediate in

agonist promoted internalization of the B,-adrenergic receptor (Ferguson et al., 1996;

Goodman et al., 1996). Similarly, the rapid agonist-induced desensitization of the f;-
adrenergic receptor (8; AR) involves phosphorylation of the receptor by both PKA and
BARK in intact cells. Like the B,AR, the B;AR binds B-arrestin resulting in its

subsequent desensitization (Freedman et al., 1995).

Heterologous desensitization of G-protein coupled receptors (e.g. vasopressin

receptors) occurs when co-localized receptors (e.g. B,AR) are activated and secondary

messengers (€.g. CAMP) are over-produced. Since the accumulation of second
messengers results in activation of protein kinases, it is thought that heterologous
desensitization is mediated by cAMP-dependent protein kinase (PKA) and protein
kinase C (PKC) (Lefkowitz, 1993). Activation of PKA and PKC leads to

phosphorylation of the activated receptor (e.g. B,AR) and the co-localized heterologous

receptor (e.g. vasopressin receptors). Consequently, there is a decrease in agonist-
induced responsiveness of heterologous receptors (e.g. vasopressin receptors) when
they are exposed to agonist for the first time. Experiments in which PKA and PKC

phosphorylation sites of B,-adrenergic receptors were mutated confirmed this

hypothesis, since the mutations only allowed homologous desensitization to occur

(Yuan et al., 1994). Conversely, mutating B-adrenergic receptor kinase (B-ARK)
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phosphorylation sites allows agonist induced long term desensitization (Proll et al.,
1993). Recently PKC and PKA have been shown to be important regulators of the
functional desensitization and down regulation of receptors that are not positively

coupled to G,. M, muscarinic receptors are coupled to G;, yet heterologous regulation
of m, receptor gene expression occurs through gene transcription and results in m,

receptor uncoupling (Rousell et al., 1995).

VI. C.2. D; Receptor Desensitization

Desensitization of D, receptors has been observed in rat striatum, bovine retinas
and neuroblastoma cells (Ofori et al., 1993; Barton and Sibley, 1990). Human D,
receptors undergo rapid agonist induced desensitization (Barton and Sibley, 1990; Ng
etal., 1995). Decreased adenylyl cyclase activity does not directly correlate with
changes in receptor density implying that uncoupling from the regulatory G-protein
precedes down regulation (Barton and Sibley, 1990, Ng et al., 1995). Although
receptor numbers returned to basal levels within 24 hours, recovery could be blocked
by protein synthesis inhibitors, indicating that de novo synthesis is necessary for the
recovery process. Evidence that two biochemically distinct mechanisms are operating
comes from studies in which inhibition of agonist-induced receptor internalization does
not prevent desensitization (Ng et al., 1995). D, receptor desensitization is
accompanied by an increase in the number of phosphorylated receptors (Ng et al.,
1994), supporting the view that rapid agonist-induced D, receptor desensitization is

regulated by kinases.

Renal D, 4 receptors are capable of agonist induced desensitization in opossum

kidney (OK) cells. The desensitization of D, 5 receptor stimulated adenylyl cyclase was
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rapid and appeared to be independent of down regulation (Bates et al., 1991). Elevated
levels of cAMP are not necessary for dopamine induced rapid desensitization in OK
cells but are required for D4 receptor down regulation (Bates et al., 1993). Dopamine
induced desensitization could be mediated by protein kinase A and an unidentified
member of the GRK family. The fact that dopamine induced down regulation is
modulated by elevated cAMP levels and closely parallels PKA activity, suggests that
transcription of the D, receptor gene may be regulated in part by cAMP. Although the
physiological properties of the D, receptor have been studied extensively, very little is
actually known about the transcriptional regulation of the D, receptor gene during

desensitization.

The porcine renal epithelial cell line, LLC-PK, , expresses a D -like receptor

that is coupled to adenylyl cyclase (Grenader and Healy, 1991). The molecular identity

of the porcine D, receptor gene was unknown until it was cloned from the LLC-PK cell
line (Grenader et al., 1995). The D4 receptor in LLC-PK, cells undergoes rapid

agonist induced desensitization that is dose and time dependent (Grenader, unpublished

observations). Since the LLC-PK, cell line is a useful in vitro model of proximal

tubule properties, it also appears to be an appropriate model to study gene expression of

the D, 5 receptor gene in renal cells.
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VI. D.1. Agonist-Induced Down regulation of G-Protein Coupled

Receptors

Long term exposure to agonist leads to receptor down regulation. The decrease
in receptor density is a more gradual process compared to desensitization. Excessive
stimulation is harmful to cells and down regulation appears to be a protective
mechanism which occurs in response to chronic exposure to agonist (Lefkowitz, 1993,
Gersghorn, 1994). Down regulation may involve increased receptor degradation as
well as decreased biosynthesis (Hosoda et al., 1994). Although the underlying
mechanisms responsible for down regulation of D; receptors are not entirely known, it
is likely that they are similar to those of other G-protein coupled receptors. Putative
phosphorylation sites in the carboxyl-terminus of G-protein coupled receptors are
essential for their down regulation. Mutating tyrosine or threonine residues in the
carboxyl-terminus of the B,-adrenergic (Valiqutte et al., 1990) or the m, muscarinic
(Yang et al., 1995) receptors, respectively, diminished the capacity of mutant receptors
to down regulate and reduced the extent of desensitization (Valiqutte et al., 1990).
Aside from their importance in agonist-induced down regulation, phosphorylation sites
provide a means by which cross-regulation can occur during cellular stimulation.

Specifically, activated B ,-adrenergic receptors induce down regulation of m, muscarinic

receptors through PKA and PKC in human embryonic lung cells (Roussel et al.,
1995). This is consistent with the belief that continuous stimulation is harmful and,

therefore, necessitates multiple mechanisms of attenuation.
Many G-protein coupled receptors contain a highly conserved cysteine residue

in their carboxyl-terminus, which is palmitoylated. In the B,-adrenergic receptor

palmitoylation of this cysteine residue is important for G, coupling and agonist
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promoted desensitization and for the o, ,-adrenergic receptor (Eason et al., 1994) it

confers agonist-induced receptor down regulation. Similar agonist-induced post-

translational modifications have been shown for D; receptors (Eason et al., 1994; Ng et
al., 1994). Site directed mutagenesis of Cys347 and Cys”l in the D; receptor indicated

that Cys347 in the carboxyl terminus is important for antagonist binding, activating
adenylyl cyclase, and essential to agonist-induced desensitization (Jensen, 1995). It
remains to be seen if the Cys347 residue is the same residue which is palmitoylated in
the D, receptor. The role of palmitoylation in the down regulation and desensitization

of D, receptors requires further investigation.

VI. D.2. Atypical Agonist-Induced Up Regulation of G-Protein

Coupled Receptors

Atypical up regulation of B 3 adrenergic, ms muscarinic and vasopressin
receptors occurs after long-term agonist exposure (Thomas et al., 1992; Colson et al.,
1992; Murasawa et al., 1995; Fukamauchi et al., 1993). Following long-term
exposure to agonist, m3 muscarinic and vasopressin receptors are up regulated due to
increased mRNA stability while the increases in § ; adrenergic receptors are due to
increased transcription. Temporal up regulation of D, receptors occurs in response to
cocaine binges (repeated short doses), presumably through cocaine’s ability to increase
extracellular dopamine by inhibiting dopamine transporters (Untwald et al., 1994;
Thomas et al., 1996). The up regulation is dependent on the dose regimen (binging)
since other reports have indicated down regulation or no change in receptor numbers in
response to chronic exposure to cocaine (Untwald et al., 1994). The molecular
mechanisms responsible for up- and down- regulation of the D, receptors have not to

my knowledge been defined.
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VI. E. Agonist-regulation of G-Protein Coupled Receptor mRNA

Agonist-induced changes in G-protein coupled receptor (GPCR) mRNA appear
to be receptor specific. Alterations in GPCR mRNA levels may result from agonist-
induced changes in mRNA stability, changes in the transcription rate or induction of
transcription factors which regulate transcription of the receptor genes (repressive or
activating). Alterations in transcription rates following agonist exposure have been
detected by nuclear run-on analysis for ;- and B,-adrenergic and ms-muscarinic
receptor mRNAs (Hosada et al., 1994; Hosada et al. 1995; Fukamauchi et al., 1993).
Some GPCR mRNA levels are down regulated in response to agonist (Fukamauchi,
1993, Hosada, 1995) whereas others exhibit a bi-phasic response (Hosada et al., 1994,
1993, Collins et al., 1989). B;-mRNA is an example of receptor mRNA that undergoes
a biphasic response to agonist, initially there is a 50% increase in receptor transcription
following treatment with agonist and is followed by a decrease in transcription with
longer agonist exposure. Finally, agonist induced up- or down-regulation of
transcription factors may alter mRNA levels. For instance, the B;-adrenergic receptor
gene was determined to be autoregulated by cAMP through a cAMP response element
(CRE) (GTACGTCA) (Collins et al., 1990). Activation of B,-receptor stimulates
adenylyl cyclase, resulting in the accumulation of cCAMP. cAMP activates PKA, which
translocates to the nucleus and phosphorylates the CREB transcription factor bound to a
CRE. Once phosphorylated, CREB may associate with CREB binding protein (CBP)
which recruits the transcription initiation complex (Kwok et al., 1994; Nordheim,
1994). Therefore, it appears that the §,-adrenergic receptor participates in a positive
feedback loop, in order to regulate its own expression. In contrast, the B,-adrenergic
receptor gene contains a CRE element which binds one of two complexes, each of

which contain an ICER (inducible cAMP early repressor) (Fitzgerald, 1996). The up
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regulation of [ICER mRNA correlates with the down-regulation of B;-mRNA,
suggesting that the decreased rate of transcription is due to induction of this inhibitory

transcription factor (Fitzgerald, 1996, Collins et al., 1993, Hosada et al., 1994).

In addition to changes in GPCR mRNA levels due to transcriptional control,
alterations in GPCR mRNA levels may be affected by mRNA stability. Increased
mRNA stability after agonist exposure up-regulates vasopressin receptor expression in
vascular smooth muscle cells while the rate of transcription is unchanged (Murasawa et
al., 1995). Interestingly, the stability of the m; muscarinic receptor increases with
agonist exposure but the mRNA is down-regulated (Fukamauchi et al., 1993 ).
Stability of mRNA is influenced by regulatory elements in the 3’-UTR (i.e.
polyadenylation sites, AUUUA destabilization sequences and/or stem loop structures).
The AUUUA destabilization sequence (ARE) binds mRNA binding proteins which
activate the destabilization of the mRNA. Polyadenylation tails are added to new
mRNA transcripts to protect the mRNA from rapid degradation. Agonist-induced
increase in By-adrenergic receptor gene transcription is accompanied by an increase in
agonist-induced destabilization of the B»>-receptor mRNA (Collins et al., 1989). The 3’-
UTR of the B -adrenergic receptor mRNA contains several AREs. Destabilization of B,-
AR and thrombin receptor mRNA occurs through interactions between ARE sequences
and mRNA binding proteins, AUF1 and B-ARB (Tholanikunnel et al., 1995; Huang et
al., 1993; Pende et al., 1996). In fact, up-regulation of the AUF1 mRNA was
inversely proportional to expression of B, and f,-mRNA in heart failure patients (Pende
et al., 1996) which have increased levels of norepinephrine. Agonist induced
destabilization of the m; muscarinic acetylcholinergic receptor, however, is due to the
ability of the 3’-UTR to form stable stem-loop structures which contain the element
responsible for mRNA destabilization (Lee, N.H., et al., 1994). The D, receptor gene
contains several polyadenylation elements (AAUAAA) and AREs in the 3’-UTR (Caron
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etal., 1990). To my knowledge, the effect of dopamine on the D;5 receptor mRNA

half-life has not been determined.

VI. F. Organization of the Dopamine-1A Receptor (D;,) Gene

Initial characterization of the porcine D, receptor gene revealed an organization
similar to the rat and human D, receptor genes (Figure 2) (Zhou et al., 1992; Minowa
et al., 1992; Grenader et al., 1995). The coding regions of D, receptor genes are
analogous to the B-adrenergic receptor gene in that they are intronless (Kobilka et al.,
1987). The pig, rat and human D4 receptor genes have unusually large 5’-noncoding
regions (> 1kb) which are interrupted by a small intron (Zhou et al., 1992; Minowa et
al., 1993; Grenader et al., 1995) . The D), receptor gene is similar to "housekeeping"
genes in that it is devoid of the canonical TATA and CAAT boxes in and around the
transcript_ion initiation site (Figure 3). The D, receptor gene is high in GC content and
has multiple stimulatory protein 1 (Sp1) binding sites, consistent with genes lacking
TATA and CAAT boxes (Tugores et al., 1994; Ishii et al., 1985; Azizkhan et al.,
1993). While the organization of the D;, receptor gene appears to be analogous to that
of housekeeping genes, the fact that the D5 receptor gene has only one transcription

start site suggests that unlike housekeeping genes, it is regulated.

The human and rat D4 receptor genes expressed in neuroblastoma cells were
characterized by Minowa et al. (1993) and Zhou et al. (1992), respectively. The
transcription start site for the human D, receptor gene was determined to be -1040
relative to the translation start codon. An activation domain was identified 95 bp
upstream from the core promoter and could be separated into two smaller adjacent

domains, Act I and Act II. Protein-DNA interactions were found to occur primarily
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within this region. Analysis of nuclear protein interactions with the human D, promoter
suggested that stimulatory protein 1 (Sp1) and a novel nuclear transcription factor
bound to the activator region. Zhou et al. (1992) determined that the rat D, receptor
gene transcription start site was -864 relative to the translation start site. Identification
of the rat D, promoter indicated that it confers cell specificity since it was active in D;-
receptor expressing neuroblastoma NS20Y cells but not in D, receptor deficient cells
(Zhou et al., 1992). The information contained within the 735 bp of the 5’-flanking
region of the rat D, receptor gene appears to encode the regulatory elements which
impart cell-specific expression. Although primer extension identified the transcription
start site of the porcine D4 receptor gene (-1033) to be at a similar location as in the
human D, receptor gene (-1040) relative to the translation start codon, regulation of

the porcine D, receptor gene in renal cells is completely unknown.

Various pharmacological agents have been implicated in the transcriptional
regulation of the Dy 4 receptor gene. Transcription of the rat D, CAT reporter construct
was stimulated by 8-Br cAMP (Zhou et al., 1992). Dexamethasone and phorbol ester,
PMA, potentiated the effect of 8-Br cAMP on gene transcription but had no effect in the
absence of 8-Br cAMP. Since the rat D, promoter is inducible by cAMP, a positive
feedback loop may exist in order to allow the D, receptor gene to control its own gene
transcription. This mechanism could prevent the complete loss of receptors during the
desensitization process. The ability of dexamethasone to increase the number of
maximum D, receptor binding sites in vascular smooth muscle cells indirectly
suggested that dexamethasone may increase transcription of the D, receptor gene
(Yasunari et al., 1994). The evidence to support this hypothesis stems from the fact
that dexamethasone did not alter the dissociation constant and dexamethasone-mediated

effects were inhibited by cycloheximide, further suggesting that dexamethasone's

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



20

ability to increase D, 4 receptor binding sites involves de novo synthesis. However,
this evidence is not conclusive since the rate of transcription was not measured. The
transcriptional regulation of the D, receptor gene in renal cells is completely unknown

but may be modulated by various pharmacological reagents.
VI. G. Analysis of the Porcine Dopamine-1A Receptor Gene

Computer scanning analysis of the 5’-flanking and 5’-untranslated region
(Figure 3) of the porcine D, receptor gene with the transcription factor data base
(Ghosh, 1993) disclosed numerous potential binding sites for known transcription
factors. The GC rich promoter region contains several Spl binding sites (Dynan,
1986) and GC boxes, as mentioned previously. Although the porcine D 5 receptor
gene is devoid of the canonical cAMP-response element, TGACGTCA, (Roesler et al.,
1988; Lalli and Sassone-Corsi, 1994), there are two potential cAMP-response-like
elements (CRE) (-223/-216, -212/-205) approximately 200 bp upstream of the
transcription start site. Flanking the putative CRE elements are an overlapping
activating protein 2 (AP-2) (-236/-229) and Sp1 consensus site (-232/-226) and an AP-
2 consensus site (-191/-184). An E-box (Ayer et al., 1993) is located downstream of
the AP-2 (Medcalf et al., 1990; Roesler et al., 1988) sites at -168 to -163. Two
additional AP-2 sites (-112/-104 and -80/-73) surround an inverted GC box sequence
and overlapping Sp1 and EGR-1 (early growth response factor) consensus site (-101/-
90). Multiple transcription factors often physically compete with each other for binding
sites at overlapping sites to control transcription. Competition of activating or
repressive factors at overlapping sites may prove to be an important regulatory

mechanism for the D, ,receptor gene (Diamond et al., 1990).
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As previously mentioned, the 5’-untranslated region (5'-UTR) is unusually
large. The 5’-UTR also contains several consensus sites for transcription factors.
There are several AP-2 (CCCGCGGC) and E-box sites (CACGTG) throughout the 5°-
UTR, in addition to an inverted CCAAT box (Dorn et al., 1987) which lies within the
intron (+454/+458). Finally, the 5'-UTR contains three potential activator protein 1
(AP-1) sites located at +209/+216, +548/+555, and +921/+928. Each site differs from
the AP-1 consensus site TGA(G/C)TCA by one nucleotide (Mitchell and Tijan, 1989).
The importance of potential cis-regulatory elements residing within the 5’-UTR is
unknown. However, it is possible, given the size of the 5’-UTR, that some of these

elements are necessary to regulate expression of the porcine D), receptor gene.

VI. H. CREB/ATF Transcription Factor Family

The cAMP response element (CRE) is inducible by cAMP (cyclic 3’°,5’-
adenosine monophosphate) and its presence in a promoter region is suggestive that
cAMP is involved in mediating gene transcription. The canonical CRE is a palindromic
sequence (TGACGTCA) and may mediate cAMP-induced activation or repression of
transcription. Numerous variations of the consensus sequence have been reported
which are functional (Tamura et al., 1994; Pestell et al., 1994; Kanasaki et al., 1994;
Boutillier et al., 1992). In general, the production of cAMP stimulates cAMP-
dependent protein kinase (PKA) activity. Once activated PKA translocates to the
nucleus and phosphorylates transcription factors of the cAMP response element binding
protein (CREB) and activating transcription factor (ATF) families. The CREB/ATF
family contains more than 10 distinct mammalian proteins (Habener, 1990) and is part
of the basic leucine zipper (bZip) transcription factor family. Members of the bZip
transcription factor family include fos, jun and the CREB/ATF family. A

distinguishing feature of the leucine zipper is its amphipathic o-helical dimerization
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domain which contains a heptad repeat of leucine residues (Richards et al., 1996). The
bZip factors form hetero- or homo- dimers which bind preferentially to either CRE or
AP-1 sites. AP-1 sites bind either jun-jun or fos-jun dimers and are alternatively
referred to as TPA- responsive elements (TRE). Although CREB/ATF dimers
recognize the CRE consensus site as previously described, cross-regulation may occur
as a result of dimerization with other bZip transcription factors (fos, jun) enabling
factors to bind to alternate sites, TRE (Pestell et al., 1994; Sassone-Corsi, 1994;
Habener, 1990). The CRE consensus site (TGCATGCA) and the TRE consensus site
(TGA(C/G)TCA) are very similar and half-site recognition by factors may be
responsible for maintaining specificity in response to various stimuli (Kim and Struhl,

1995).

Previously, CREB/ATF factors were divided into two categories, repressors
and activators. The activators (CREB, ATF) of cAMP inducible transcription could
dimerize with each other prior to binding to the CRE. The repressors (CREM-cAMP
response element modulator, ICER-inducible cAMP early repressor) were believed to
either bind to the CRE, blocking its activation or dimerize with the activators,
preventing transcriptional activation. Several experiments have since proven that this
view is oversimplified. CREB knockout experiments demonstrated that CREB -/- mice

were healthy, exhibited a normal phenotype and did not experience any impairment of

growth (Hummler et al., 1994). However, CREM (t,c and B) isoforms were
overexpressed in all tissues examined, suggesing that CREM isoforms can substitute
for CREB in cAMP-responsiveness. Transcriptional activation of CREB-CREMa
heterodimers is dependent on the ability of CREMa to be phosphorylated by PKA

(Loriaux et al., 1994). Recently, it was established that the transcriptional effects of
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CREMo isoforms are dependent on the specific gene, cell type and promoter context of

the CRE site (Goraya et al., 1995).

Alternative splicing of CREB mRNA during germ cell development transforms

activator isoforms of CREB into repressors (Walker et al., 1996; Delmas et al., 1992).

One isoform of CREM, CREMAC-G, has been described that acts as an inhibitor of

PKA induced transcription (Walker et al., 1994). This CREM isoform lacks four
exons encoding the PKA phosphorylation domain. In spite of the missing exons, it
recognizes the CRE and binds as a homodimer or a heterodimer with CREB or CREM
activators (Walker et al., 1994). While this particular isoform is expressed in elongated
spermatids, similar isoforms may be expressed in other tissues. The most efficient
repressor of CRE mediated transcription is the ICER, inducible cAMP early repressor.
ICER consists primarily of the bZip dimerization domain and is sufficient for full
antagonism (Lalli and Sassone-Corsi, 1994). Induction of ICER correlates with early
down regulation of follicle-stimulating hormone receptor gene expression in Sertoli
cells and thyroid-stimulating hormone in the thyroid gland. Since ICER binds to the
CRE and represses expression, it has been proposed that this represents a prototype of
the molecular mechanism by which hormones elicit homologous long-term
desensitization in G-protein coupled receptors in neuroendocrine tissues (Lalli et al.,
1995; Monaco et al., 1995). This model may have implications for other G-protein

coupled receptors as well.
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VI. I.1. cAMP-Mediated Gene Expression

CRE elements are important regulators of transcription for many genes (Kim et
al., 1994; Roessler et al., 1995; Collins et al., 1990; Best et al., 1995; Boutiller et al.,
1992). They serve to communicate activation of the cAMP signal transduction pathway
to the nucleus. CREs are not only present in genes controlled by the cAMP pathway
but also serve as integration points in which cellular cross talk can occur at the nuclear
level. The rat D, receptor gene is regulated by cAMP, presumably through a CRE-like
element (Zhou et al., 1992). Zhou et al. (1992) demonstrated the ability of 8-Br cAMP
to stimulate transcription of the rat D, promoter, however, they did not demonstrate
whether or not the proposed CRE was functional. The presence of 2 putative CRE-like
sites (-223/-216 and -212/-205) in the porcine D;, receptor gene suggests that these
CRE sites in the Dy 4 receptor gene may be functionally significant in regulating D5
receptor gene expression in renal cells. Comparison of the porcine, rat and human D,
promoters (Figure 4) revealed that the 3’-CRE of the porcine D, receptor gene appears

to be better conserved across species (Healy and O’Rourke, 1996).

VI. L.1.a. CRE and Basal Expression

Many hormonally regulated promoters consist of cis-elements that are involved
in constitutive and inducible expression. CREs were implicated in basal transcription
of several genes including tyrosine hydroxylase, phosphoenolpyruvate carboxykinase
genes and hexose kinase (Kim et al., 1993; Roessler et al., 1988; Osawa et al., 1996).
CRESB is capable of interacting with the basal transcription factors TFIIB and TFIID
independent of PKA activity and other factors. The fact that CREB and TFIIB
associate in the absence of PKA phosphorylation is consistent with the ability of CREB

to promote basal expression through constitutive activity. The constitutive activation
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domain of CREB is sufficient to promote interactions with TFIIB and TFIID (Xing et
al., 1995). In addition, CREB binding protein, CBP, a co-activator of CREB,
complexes with TFIIB (Kwok et al., 1994). This is particularly interesting since a viral
protein Tax has been identified that recruits CBP to the viral HTLV-1 CRE (human T-
cell lymphocytic virus) and enhances CREB binding independent of CREB
phosphorylation (Kwok et al., 1996). Tax’s involvement in maintaining basal
expression of the viral CRE implies that a eukaryotic homologue of Tax may exist

which mediates basal stimulation in eukaryotic CRE containing genes.

VI. I.1.b. CRE and Inducible Expression

Induction of transcription by cAMP requires multiple PKA mediated events.
Inducible expression of genes containing CRESs involves a mechanism that is dependent
upon phosphorylation of CREB (P-CREB). Phosphorylation of CREB at Ser-133
(Arias et al., 1994) does not alter the affinity of CREB for the CRE site (Richards et
al., 1996; Parker et al.,1996; Kwok et al., 1996). CREB phosphorylation does,
however, provide a direct binding site for CBP and promotes high-affinity binding
between these factors (Parker et al., 1996). Transcriptional activation occurs when the
P-CREB and CBP complex binds to the CRE (Brindle et al., 1995) but the CREB-CBP
complexes are not assembled unless suboptimal doses of cAMP are present, implying
that a second phosphorylation event is necessary for transcription (Brindle et al.,

1995). It was proposed that an inhibitory protein may be present that associates with
CBP after the second phosphorylation event. Since the viral protein, Tax acts through
CBP in a phosphorylation dependent manner to activate cellular CREs (Kwok et al.,
1996) it is possible that a mammalian homologue of Tax is involved. However, at this
time there is no evidence of such a homologue in mammals. In vitro phosphorylation

demonstrated that a second phosphorylation event at Ser-129 of CREB is necessary for
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cAMP mediated gene expression (Fiol et al., 1994) but the details regarding the

additional kinases and proteins that may be involved in vivo are still unknown.

CRE elements modulate transcription of many hormonally regulated genes such
as somatostatin, rat insulin I, dopamine B-hydroxylase and B,-adrenergic receptor genes
(Montminy et al., 1988; Oetjen et al., 1994; Kim et al., 1994; Collins et al., 1990).

Variations of the canonical CRE have been shown to be present in the promoters of

many of these genes including the renin, human chorionic gonadatropin (HCG) 8-, o.-

adrenergic receptor, c-fos and rat D, , receptor genes (Tamura et al., 1994; Pestell et

al., 1994; Kanasaki et al., 1994; Boutillier et al., 1992; Collins et al., 1993; Zou et al.,
1992). Each of these CRE-like elements were capable of mediating cAMP-

responsiveness for each their respective genes (Tamura et al., 1994; Pestell et al., 1994;

Kanasaki et al., 1994; Boutillier et al., 1992). The CRE-like element of the rat D,

receptor gene is an 8 bp palindromic sequence (TGGCGCCA) that is very similar to the
canonical CRE (TGACGTCA) (Zhou et al., 1992). Examination of the porcine D, ,

receptor gene revealed that it contains two distinct CRE-like elements at -223/-217
(AGACGTCA) and -212/-205 (GGACGTCQC). The 5’-porcine CRE-like element
differs from the consensus site in the first nucleotide whereas the 3’-site is an 8 bp
palindrome which varies from the canonical CRE in the first and last nucleotides
(mismatched bases are underlined). Comparison of the rat (AGGCGTCC), human
(GGGCGTCC) and porcine sequences in this area suggests that the 3’-CRE site is
better conserved across species (Healy and O’Rourke, 1996) (Figure 4). The B,-
adrenergic receptor contains a CRE-like element (GTACGTCA) which confers cAMP
responsiveness in an orientation independent manner and plays an important role in
transcriptional autoregulation (Collins et al.,1990). The porcine 3’-CRE-like element is

similar to the B ;-adrenergic receptor CRE (GTACGTCA), the first CRE of the pro-
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enkephalin gene (GCTGGCGTAGGG) and the c-fos dyad element
(GGATGTCCATATTAGGACATC) (Boutillier et al., 1992). Interestingly, these
elements vary considerably from the consensus site, yet are still responsive to cAMP.
The number of genes regulated by CRE-like elements have demonstrated that the
canonical site should not be considered a strict determinant of cAMP-responsiveness.
The diversity of the CRE-like elements necessitates testing putative elements for
functionality. Apparently variation of the CRE results in differences in CREB binding
affinity for various consensus sites. A one nucleotide difference between the
somatostatin (TGACGTCA) and enkephalin (TG_CGTCA) CREs results in an order of
magnitude difference in binding affinities (Williams et al., 1993). Similarly, the
flanking sequence may influence CREB binding affinity (Benbrook and Jones, 1994).
X-ray crystallography has indicated that the CREB primary contact sites include both
guanine residues on the sense strand and a cytosine on the antisense strand (Keller et
al., 1995). The ability of these distinct CREs to mediate cAMP responsiveness
supports the hypothesis that the porcine CRE-like elements participate in the

transcriptional regulation of the D, , receptor gene.

The presence of multiple CREs in promoters results in maximal cAMP-induced
transcriptional activation. Agonist-induced increases in transcription of the B,-
adrenergic receptor gene are mediated through 3 CRE-like elements (Thomas et al.,
1992). Similarly, both the tyrosine hydroxylase (Best et al., 1995) and dopamine B-
hydoxylase (Shaskus, 1992) genes require two CRE sites to regulate expression of

these genes in neuroendocrine cells. Induction of cAMP regulation through 2 precisely

arranged CRE sites has been demonstrated for the glycoprotein hormone o-subunit

(Silver et al., 1987), vasoactive intestinal peptide (VIP) (Fink et al., 1988) and
proenkephalin genes (Spiro et al., 1995). Mutating or deleting either CRE often alters
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the response to second messengers and transcription factors (Spiro et al., 1995; Fink et

al., 1988). The porcine D, , receptor gene contains 2 CRE-like elements spaced 3 bp

apart that may be important to basal and cAMP-mediated transcription in renal cells.
VI. J. CREB Independent cAMP-Responsiveness

cAMP responsiveness may be mediated through elements other than CREs
which do not involve CREB/ATF factors. Most commonly, this occurs through
activator protein 2 (AP-2) sites which are distinct from CRE sites. The AP-2
transcription factor family is distinct from other known transcription factor families and
behaves as a basal or inducible transcription factor (Medcalf et al., 1990). The AP-2
transcription factor differs from CREB in that it is inducible by both cAMP and phorbol

esters. Each of the AP-2 consensus sites (CCCA/C NG/C G/C G/C) of the porcine D5
receptor gene are identical to the human metallothein II5 gene which is known to bind
purified AP-2 protein (Mitchell and Tijan, 1989). It is uncertain if these AP-2 sites are

necessary for the expression of the D, receptor gene in renal cells.

CREB independent cAMP-responsiveness was demonstrated for transcription
of the enzyme involved in the rate limiting step of steroid biosynthesis, CYP450
(Venepally et al., 1995). CYP450, steroid hydroxylase cholesterol side chain cleavage
cytochrome P450, requires two Sp1 sites to mediate basal and cAMP responsiveness
(Venepally et al., 1995). The underlying mechanism by which Sp1 mediates cAMP-
responsiveness is unknown. Similarly, muscle-specific cis-regulatory elements are
recognized by myogenic factors, MyoD and or TEF-1, and mediate cAMP-

responsiveness of muscle-specific genes (Gupta et al., 1994). Basal and cAMP

induced expression of rat cardiac a myosin heavy chain gene occurs through
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overlapping E-box and M-CAT (GGCACGTGGAATG) binding sites and not
traditional cAMP response elements ( e.g. CRE, AP-2) (Gupta et al., 1994).
Interestingly, the c-fos promoter contains a CRE (TGACGTTT) and a dyad symmetry
element. Although both of these elements were able to mediate cAMP-responsiveness
independently, the dyad symmetry element is interesting in that the cAMP response is
CREB-independent in corticotrope cells. The dyad element is dominant relative to the
CRE in c-fos promoter since it is not sensitive to CREB antagonism (Boutillier et al.,
1992). The molecular mechanisms required to mediate CREB independent cAMP-

responsiveness are not known but may be relevant to D, receptor gene regulation.

VI. K. Co-operative Mechanisms of Gene Transcription

Combinatorial control of gene transcription in eukaryotes by multiple
transcription factors may result in powerful activation via synergistic interactions.
Synergy between cis-elements is dependent on the context and spacing of those
elements and ability of trans-activating factors to bind cooperatively. Cooperative
interactions between specific trans-activating factors control the up-regulation of
MHCII associated invariant chain gene expression (Wright et al., 1995) and the cell-
specific regulation of calcitonin/calcitonin gene related peptide gene (Tverberget al.,
1993). Consequently, several CRE-like sequences have been reported which are not in
and of themselves capable of mediating cAMP response (Montminy et al., 1986;
Hozawa et al., 1996). It has been proposed that other sequences (upstream or
downstream) may participate in these interactions. Most often AP-2 is implicated as a
likely participant. Basal activation of the human tissue-type plasminogen activator gene
promoter occurs through cooperative interactions between a CRE and AP-2 site which
independently mediate activation by PMA and cAMP (Medcalf et al., 1990). Itis

possible that some of these CRE-like elements require other “non-traditional CRE” sites
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such as Spl, CAAT or a tissue specific factor binding site. Synergistic interactions
between CRE and CAAT elements were defined for the tyrosine aminotransferase, the
human fibronectin gene, and PEPCK (phosphoenol pyruvate carboxykinase) promoters
(Roesler et al., 1995; Muro et al., 1992; Roesler et al., 1996). Spatial restrictions
between adjacent cis elements commonly cause of synergistic effects (Diamond et al.,
1990). Perhaps the close proximity and exact spatial arrangement of the putative cis-
regulatory elements within the 5’-flanking region of the D4 receptor gene promoter

could allow cooperative interactions to occur between them.
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VI. L. Objective

The D; promoter has been extensively investigated in neuronal cells and
determined to be expressed in a cell-specific manner (Minowa et al., 1993; Zhou et al.,
1992). Preferential gene expression is often established by tissue specific expression
of trans-activating factors (Tugores et al., 1994; Tamura et al., 1994; Tamura et al.,
1994a; Knepel et al., 1990) and preferential expression of cis-regulatory elements
(Pecorino et al., 1991; Shoshani et al., 1990; Lee et al, 1994; Shapiro et al., 1991).
Non-neuronal cells may regulate expression of the D, receptor gene in a manner
distinct from its regulation in neuronal cells. The D, receptor is expressed in renal
cells (Grenader and Healy, 1991) but the molecular mechanisms regulating its gene

expression are not known.

In order to identify the molecular mechanisms regulating D)4 receptor gene
expression, I sought to analyze in detail the 5’-flanking and 5’-untranslated region of
the porcine D, receptor gene and to define the cis-regulatory domains of the renal D
receptor gene promoter. Deletion analysis identified potential cis-clements in the 5°-
flanking and 5’ -untranslated region which were necessary for transcriptional activation
of the D, 5 receptor gene CAT constructs. In particular, I examined the role of a
potential upstream activating region (-303/-165) containing two CRE-like elements (-
223/-205) and the intron (+430/+527) in regulating D, 5 receptor gene transcription. I
further determined whether these areas bound LLC-PK,; nuclear proteins and known
transcription factors using DNase I analysis and electrophoretic gel mobility shift
assays. The results of these experiments allowed me to construct a novel model of
transcriptional regulation in which the 5°-UTR intron and promoter of the D, receptor

gene interact to permit maximal transcriptional activity.
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Figure 1: Porcine Dy, receptor. Darkened circles are amino acids conserved
between pig, human and rat D, dopamine receptors. Open circles are not
conserved. (+) N-linked glycosylation sites; (*) PKA phosphorylation sites; (#)
PKC phosphorylation sites.
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Figure 2: Schematic representation of the D;, receptor gene. The 5° and 3’
flanking regions and the intronic segment are shown by the solid line, the 5’ and 3’
untranslated regions are shown by the hatched bar and the coding region is shown
by the solid area. Exons one and two are indicated by E1 and E2, respectively.
Restriction sites are designated by the following abbreviation: B, BamHI; E;

EcoRI; H, HindIII; Ps, Pstl; Pv, Pvull; X, Xbal; Xh; Xhol.
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Figure 3: Nucleotide sequence of the 5°-flanking and 5’-untranslated regions of the
porcine D4 receptor gene. Nucleotides are numbered relative to the transcription
start site, +1, as noted by the downward arrow. The 5’-flanking nucleotide
sequence is shown in small case letters as is the 97 bp intron in the 5’-untranslated
region which is double underlined. Potential translation start sites are underlined.
Nucleotide sequence corresponding to transcription factor binding sites are
underlined and designated above the sequence. Restriction sites used for the

construction of pCAT chimeras are doubleunderlined.
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Psil
ctgcagtccggtattgacgcaagectggacgcgecsgetassseggegg

aggcctaageogagecsostiocagegcaacggageccaccgactaggagegetcgtgegeggagssstcteggeyg

acsggtgagtacaggcessogcggggcacgtctcactetagttgegggggcacctggagaccgetcaggtcggate

Spl/GC
cgggcggaccgttciggotggtatgegtgggagggtgagecaggeteccagtttecgtttggtotttsggaaagge

Spl
tigggggggtigaccecaggaggegctgecatgtgaggecggagetstgetttctggcaactcaggettagegagy

Sspl
gtstaacatggaatatsttictcagggaccectgtogegtgecgteccagggtecgggggtetgagetttaggggyg

AP2/Spl/GC CRE-1like/Aatll AP2
aggtaacccagggcgczrIagacgtcacceggacgtccccesgtsectttegeccgeggeaccatesgggagaacs

£ box/Pmil GC box AP2 =G2-1/8Spl/
asstgcggetgteggesaceictetgoctgtcaagagaagecegestccagggcagggoaggacacsSIgceagcy
GC APZ Nael GC bex
gszrggctgtgeseesczgsaaccaggecggcccgtgageosaccagtgecagetcgtetcteegosiogtgtte
As2 - aP2
[

£S253agCt et tgggtcATAGCGGGCAGTTTCGCGESCAGGCGCAGGGTTGTTCCTCGAGGGACTAGAGACCACT

CGAGEGGLGLLCERGTGITCEGCTCCCGGAGAAAGGAAGCAAAGAIAACTGCCCGAGTGACTACTAZAGGAGGTGT

CCTCAGTCAAGGAGGC ST I TAGCGCCCGAAAGCCC T I T TCCCGEGTCTCGTCCAT T T IGAAGTATC TCTAACCTT

APL Spl/GC
C2GAGACAGTGGCGCAGT ST I TGC TCTCCGTGGAC T TGGCCCAGGATCCTTTTTCCGAACCCST IS TAGTSGAATT
AP2

T GCGCATCGGETGESGAGTAGAGCCCCGGCTGCGCGCGCAGGETAGGACTCAGGCGCGCCTCCITCIGTTGTGE

GC box
AGTTGCGECGEGCECTTGEGSAATCCTGTTCTCGGAGET! CAGGAGCATTGAGAGAGACCACCTTAAGGTAAGL

acztaggctctccegeactIIcattgocgcttggcaactaaacarscgatctagctcaaatcttogecaaassisctca
e e e

APl

gSIstcrctttoct t=zacGECTTTCGGGGAGC TGS TECSGAGTCAGGGGC TTGGAGGTGCGAGSCATGTATTT

TCACTGGCGCCTCAGAAAGSGAGAATTCTC TG TCACCACCCGAGAGCAACAGCCCGTAAATGTGATTACAATTGA

TAGCTCGGTCAGAGGT S TGEGAGTC TCTGAACTGACAGC TTAGAATATGCTAAAAAGCCAGTGL TTTCCATGGS

GLATTGAAGGGCCATCTGGTCCCCGTAACAGTGACCTGAAGCALAGGAGTCAGAAGACAGTTGTASASAGCAAGA

Spl
GGEGACCTTCCGAGGGEC TG TC TTGGACGGCCCAGGG T AGGC TC S TGCCGCCCAGTTGTTETGGC S TG TGATGGC
APl
AT TGGTGAGG TCCTC CACCCAGGGGAGCAAGTGGCGC TG AGSCAGGGACCGCCTGGCCAGCCASSAITCCTGC
Pstl GC box Avrll
AGCTCTGATCGACCCC TAATCCCCGLC TAGCAACTTGAGGGGTGTCAGAACCCCTCTGGGITCTIIITCAGGAAG

Met-Arg-Thr-Leu-asn-Thr-Ser-Thr-Met-Asp...
£T5-AGG-ACG-CTG-35C-ACC~-TCC-ACC-ATG-GAC. . .
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Figure 4: Comparison of the D, Receptor Gene 5’-Flanking Sequences from the

Pig, Rat and Human.
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VII. Chapter 2: Materials and Methods
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VII. A. Cell Culture

LLC-PK, cells were grown in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% fetal bovine serum, 4.5 g/L glutamine, 100 U/ml penicillin,
100 mg/ml Streptomycin and 0.25 mg/ml amphotericin B (GIBCO). Cells were
passaged by trypsinization with 0.25% trypsin and 1.0 mM EDTA. Cells were grown

2 o
in 80-cm plastic flasks at 37 C under an atmosphere of 95% air/ 5% CO, and passaged

twice a week.

VIL.B. RNA-isolation

Poly A* mRNA was isolated from LLC-PK, cells which had been maintained at
confluency for one week using Invitrogen Fast Track 2.0. Cells were harvested and

passed through a 20 gauge needle four times and incubated for 1 hr at 50°C. NaCl
concentration was adjusted to 0.5 M and again the lysate was passed again through a 20
gauge syringe (4x). Oligo dT cellulose was then added and rotated for 18 hr. After
eluting RNA, the concentration was determined by optical density measurement at OD

260.
VII. C. RT-PCR

Reverse transcription (RT) was performed using Gibco/BRL Superscript pre-
amplification kit according to the manufacturer’s protocol. All RNA samples were

pretreated with 30 U of RNase free-DNase (Bohringer-Mannheim) for 15 min at room

temperature. Upon the addition of 1 pl of 25 mM EDTA, the RNA was heated to 70 °C

for 10 min. The concentration of the samples was then determined by optical density
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measurements at OD 260. The reverse transcription step was performed at 50°C for 50
min, with 100 U of Superscript I and a gene specific antisense primer (5’-
TTCAAGGAGGAATTAGCCCACCCAAACCAC-3’) designed from the coding

region (+711/+682). After heat inactivation of the reverse transcriptase, the samples

were treated with RNase H for 20 min at 37 °C. PCR was performed using only 10%
of the newly synthesized cDNA. Polymerase chain reaction (PCR) was performed

with Amplitaq (Perkin-Elmer). One microliter of or’’P-dGTP was included in the PCR

reaction mixture and 0.2 uM sense (+377/+394 ; 5’-CTTTATCCCAGTGCAGCTCA-

3’) and antisense (+631/+614; S’-ATGATCACGGACAGCGTCTT-3’) primers. The
conditions were as follows: 1 cycle: 5° at 94°C- 1.5” at 55°C- 2’ at 72°C, 30cycles:

1" at 94°C- 1.5” at 55°C- 2’ at 72°C, 1 cycle: 10’ at 72°C. The PCR products were
separated on a 2% agarose gel, visualized under UV-light and excised. Excised gel
slices were added to scintillation tubes with 5 mi scintillation fluid and counted in a

Beckman LS 5000TD scintillation counter.

VII. D. Effect of Dopamine on D,, Receptor mRNA

LLC-PK, cells were maintained at confluency for one week. Control cells were

not treated with dopamine and were harvested at t = 0. Cells pretreated with 10 uM
dopamine were harvested from 30 min-18 h after the addition of dopamine. An

antioxidant, sodium metabisulfite 200 uM, was added prior to dopamine to prevent

oxidation of dopamine. Poly A* mRNA was isolated and analyzed by RT-PCR as

described above.
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VII. E. Effect of Dopamine on D,, Receptor mRNA Stability

LLC-PK, cells were maintained at confluency for one week . To determine the

half-life of the D;, receptor mRNA, the cells were incubated with actinomycin D to

block transcription (Rodgers et al., 1985). Cells were incubated in the absence or

presence of dopamine (10 uM, 30 min) prior to the addition of actinomycin D (5

pg/ml). Cells were harvested at various time intervals (0-360 min). Poly A" mRNA

was extracted at each of the time points indicated and analyzed by RT-PCR as described

above.
VII. F. Transfection

LLC-PK, celis were transfected with pCAT-D, 4 constructs using Lipofectamine

reagent (GIBCO BRL) methods (Hawley-Nelson et al., 1993). Lipofectamine
transfections were performed in serum-free and antibiotic-free medium according to the

manufacturer’s protocol. One day prior to transfection confluent LLC-PK, cells were

5
split 1:3 and plated 1x 10 cells/ 35-mm dish and grown overnight. For each

transfection, 0.1 ml of 1.5 g of DNA diluted in 94 pl of DMEM and 0.1 ml of 5 pl of

Lipofectamine diluted in 91 pl of DMEM were combined, mixed gently, and incubated

at room temperature for 10-15 min. After the incubation, the mixture was diluted with
0.8 ml DMEM to a final volume of 1.0 ml. Cells were prewashed with DMEM and
overlayed with 1.0 ml of DNA- Lipofectamine mixture. Cells were administered 0.1
ml of fetal bovine serum five hours after the start of the transfection and incubated

overnight. The next day the DNA containing medium was removed and replaced with
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medium containing 10% fetal bovine serum and antibiotics. The cells were harvested

24 hours later.

VII. G. Plasmid Construction

The initial series of pCAT- D4 plasmids (-3000/+983 to -63/+983) were

constructed by Dr. A. Grenader and Faiza Zafar (Figure 11). Two additional plasmids

[pCAT+53 and pCAT-303 (A-165/-63)] were constructed by Dr. Q. Jiang (Figures

11,13). All other constructs were constructed by the author.

Briefly, the Xbal digest of the porcine D4 receptor gene contains the entire
untranslated and greater than 2 kb of 5' flanking sequence. The Xbal clone was
digested with Xbal (-3000) and AvrII (+983) and inserted into the Xbal site of pCAT-
Basic. The resulting construct is referred to as the pCAT-3000 construct. The smaller
fragments (pCAT-206, pCAT-165 and pCAT-63) were constructed by digesting the
pCAT-3000 construct with the appropriate enzyme, and ligating under appropriate
conditions. The pCAT-663 and pCAT-303 were designed by digesting pCAT-3000
with Pstl (-663/+962). The resulting fragment was ligated into the Pstl site of the
pBasic vector, generating pCAT-663. pCAT-303 was designed similarly by digesting
the pCAT-663 with SspI (-303) and PstI (+962) and ligating into HindITI/PstI site of

pBasic.

The majority of the 5’-UTR was removed from the pCAT-303 construct to
create pCAT-303/+38. The D, receptor gene has an Xhol site at +39 and the pBasic

vector contains an Xbal site at the 3’-end of the multiple cloning site. The plasmid,

pCAT-303/+38, was constructed by digesting the pCAT-303 construct with Xhol and
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Xbal. After removing +39 to +962 sequence, the overhangs were filled in with dNTPs

and Klenow enzyme and the blunt ends were ligated.

The intron region (+431/+527) was deleted from pCAT-303 using an Ex-site
PCR mutagenesis approach (Stratagene). The antisense (5°-
CTTGCCTTGAGGTGGTCT-3"; +430 to +413) and the sense (5°-
GGCTTTCGGGGAGCTGCT-3’ +528 to +545) primers were phosphorylated and

used to amplify the pCAT-303 construct. After 18 cycles at 56°C, the PCR product
was digested with Dpnl, treated with Pfu polymerase, and ligated according to the

manufacturer’s recommendations. The resultant plasmid was termed pCAT-

303AIntron. The 5’-UTR distal to the intron was deleted from pCAT-303 by PCR

with a sense primer containing a Aatll restriction site (5’-
CCGGACGTCCCCCGTCCCTT-3"; -210 to -190) and an antisense primer containing
a Xbal site (5’-GACCTCTAGACTCCGCAGCAGCTCC-3’; +527 to +550). The
PCR product was digested with Aatll and Xbal and inserted into the Aatl and Xbal
sites of pCAT-303. The resultant plasmid was termed pCAT-303/+542. A similar
approach was used to construct pCAT-303/+425, a construct lacking both the intron
and the distal 5’-UTR. The same sense primer containing the Aatll site was used for
PCR with an antisense primer that terminated at the 5’ end of the intron (5°-

GACCTCTAGACTTGCCTTGAGGTGGTC-3’; +430 to +414).

The ability of the D, receptor gene intron to influence transcription of a
heterologous promoter was tested by placing the intron upstream of a CAT reporter
construct containing the core promoter for the thymidine kinase gene (Boschart et al.,
1992), termed here pTKCAT. The +430/+527 insert was generated using PCR; sense

primer (containing a BamHI restriction site) 5°-
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TAACAGGATCCATTTTCTCAGGGAC-3’ and the antisense primer 5’-
CCCCGGGATCCCTAGAAAGC-3". PCR conditions were: 30 cycles 1’ at 94°C,

1.5* at 50°C and 2" at 72 °C. The PCR product was ligated into a TA cloning vector
(Invitrogen), digested from the vector with BamHI and ligated into the BamHI site of
the pTKCAT. Constructs containing the insert in both sense and antisense orientations
were isolated and termed pTKCAT+Intron and pTKCAT-Intron, respectively.
Similarly, the ability of the -303/-165 fragment of the D, receptor promoter region to
influence activity of the heterologous thymidine kinase promoter, in the absence and
presence of the intron, was tested. The -303/-165 fragment was generated by PCR
with a sense primer that contained a HindIII site 5°-
TAACAAAGCTTATTTTCTCAGGGAC-3’ and an antisense primer 5’-
GACAGGGATCCGTGGTTCTCCC-3’. The PCR product was ligated into a TA-
cloning vector and digested out with HindIIT and Xbal and ligated into the HindIII and
Xbal site of the pTKCAT+Intron vector, resulting in pPTKCAT-303/-165+Intron.
Digestion of pTKCAT-303/-165+Intron with BamHI and religation removed the intron
and resulted in pTKCAT-303/-165. The antisense orientated -303/-165 insert in
pTKCAT (pTKCAT-165/-303) was generated by PCR (sense primer 5’-
TAACAGGATCCATTTTCTCAGGGAC-3’ containing a BamHI site and antisense
primer 5’-GACAGAAGCTTGTGGTTCTCCC-3’ containing a HindIII site) and
inserted into the BamHI and HindIlI sites of pTKCAT.

The pTKCAT-A3’CRE was prepared by digesting the pTKCAT-303/-165

plasmid with Aatll, blunting with T4 DNA Polymerase, and religating. Once the 3’-

CRE deletion was confirmed by sequencing, it was transferred to the HindIII/Xbal site

of the pTKCAT and termed pTKCAT-A3’CRE. The 39 bp single stranded sense and

antisense oligonucleotides (wt-CRE) containing the two CRE-like sites with Sall ends

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



47

were hybridized and ligated into the Sall site of the pTKCAT vector. Clones were
identified in which the CRE had been inserted in the sense (pTKCAT-5'CRE/3’CRE)
and antisense (pTKCAT-3’CRE/5’CRE) orientations. pCAT-303(-211G->C) was
constructed using Ex-site mutagenesis approach (Stratagene). The sense primer 5'-
CCCGTCCCTTTCGCCCGCGGCACCAT-3' and the antisense primer 5'-
GGGTGAGCTCTCGCCCGCCCTGGGTTA-3' were not overlapping. The

conditions used were the same as those previously describe.

All constructs were confirmed by digestion and dideoxy sequencing at the
junctions. All constructs were also sequenced in the CAT coding region to ensure that
the observed results were due only to the intended mutations in the D, , receptor

promoter.

VII. H. CAT Assay

CAT (chloramphenicol acetyl transferase) enzyme activity was measured using
standard procedures (Sambrook et al., 1989). Activity of the promoterless pCAT-
Basic vector (Promega) alone established basal CAT activity. The activity of the
pCAT-Control vector (which contains SV-40 promoter) was used to establish the
maximal efficiency of the transfections. The CAT activity of pCAT- D, 5 receptor
promoter constructs were determined in order to establish which regulatory domains of
the D5 promoter were able to direct transcription. Crude cell extracts were tested for

CAT activity 48 hours after transfection. Transiently transfected LLC-PK1 cells

prepared as described above were washed with calcium and magnesium free PBS and
suspended by incubation with 200 pl 1x lysis buffer (Promega). After incubating at

room temperature for 15 minutes, plates were scraped with a rubber policeman. The
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cells were resuspended by vortexing and split in two portions prior to heating. Lysates

to be used in the CAT assay are heated at 60°C for 10 minutes in order to inactivate

endogenous deacetylase activity. Cells were pelleted by centrifugation for 3 minutes.
To 55 pl of cell lysate, 5 pl of [*H]-chloramphenicol (sp act 250 Ci/mmol, Du Pont-
New England Nuclear, Boston, MA) (diluted 1:20 with (0.25M Tris-HCI, pH 8.0) and

2.5 pl of n-Butyryl Coenzyme A were added. Reaction mixtures were incubated for 1

hour at 370C. For the liquid scintillation assay, reactions were terminated by adding

300 pl mixed xylenes, and washed 2x with 100 ul 0.25M Tris-HCI, pH 8.0. The

xylene upper phase (200 1) was transferred to a scintillation tube containing 5 ml

scintillation fluid and counted (Beckman LS 5000TD). Counts per minute were 10% or
less of total radioactivity added. For the thin layer chromatography, [“C]-
chloramphenicol (sp act 0.05 Ci/mmol, Du Pont-New England Nuclear, Boston, MA)

was included in place of the tritiated compound and reactions were stopped with 250 pl

of ethyl acetate, evaporated and redissolved in 30 pl of ethyl acetate. The reaction

products were spotted on thin layer chromatograms (J.T. Baker, silica gel TLC plates
SG/IB2, 20x 20cm) and resolved in 97:3 chloroform: methanol, dried and

autoradiographed.

VIL . B-Galactosidase Assay

All CAT constructs were co-transfected with a pSV-B-galactosidase expression
vector (Promega) as a positive control for transfection efficiency (Sambrook et al.,

1989). Extracts were prepared according to CAT assay protocol omitting the heating

step. The cell lysates (50 ul ) were diluted with 25 pl of 1x lysis buffer. Addition of
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75 pl of 2x assay Buffer (120 mM Na,HPO,, 80 mM NaH,PO,, 2 mM MgCl,, 100

mM B-mercaptoethanol, 1.33 mg/ml o-nitrophenyl- B -D-galactopyranoside) to diluted
extracts was followed by a 30 minute incubation at 37°C (or until a faint yellow color

developed). Reactions were quenched with 250 pl 1.0 M Na,CO,. Optical density

was read at 420 nm on Bauch & Lomb Spectrophotometric 2000 spectrophotometer. -

Galactosidase activity was used to normalize CAT activities for the different pCAT-D,,

constructs.

VIL. J. Bradford Protein Assay

Protein concentrations were determined using Bio-Rad protein assay dye

according to manufacturer’s protocol. Protein extracts (5 pl) are added to 795 pl Tris

(10 mM) and 200 p of Bio-Rad dye. Optical density at 595 nm was determined on a

Milton Roy Genesys 2.0 spectrophotometer. Final protein concentrations were

determined from a standard curve.

VII. K. Forskolin Effect on pCAT-D;, Reporter Activity

Cells transfected with pCAT(-3000 to -63) constructs were incubated in the

absence and presence of 10 uM forskolin 36 hr after transfection. Eighteen hours later

cells were harvested and assayed for CAT, and (3-gal activities as described above.
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VII. L. Nuclear extracts

Nuclear extracts were prepared by a micropreparation technique (Andrews and

Faller, 1991) that is derived from the large scale procedure of Dignam et al. (1983).

LLC-PK, cells (5 x 105 cells/ml) were washed 2x with PBS (phosphate buffered

saline) and scraped from plates with a rubber policeman in 1.5 ml phosphate buffered
saline. The cells were centrifuged at 2000 rpm for 5 min at room temperature,

resuspended in 1.5 ml phosphate buffered saline, removed to and eppendorf tube and
repelleted. The cells are resuspended in 400 wl of buffer A [10 mM HEPES (pH 7.9,
49C), 10 mM KCl, 0.5 mM DTT and 0.2 mM PMSF (phenylmethylsulfonyl fluoride)].
The cells were allowed to swell on ice for 10 minutes before centrifuging for 10
seconds. The supernatant was discarded and the pellet resuspended in 100 pl of buffer
B [20 mM HEPES pH 7.9, 25% glycerol, 420 mM NaCl, 1.5 mM MgCL,, 0.2 mM
EDTA, 0.5 mM DTT, 0.2 mM PMSF] and incubated on ice for 20 minutes. Cellular
debris is removed by centrifuging for 5 minutes at 4°C and the supernatant is stored at -

800C in 10 pl aliquots. The yield for 1 x 10° cells is 50-75 LLg protein.

VII. M. DNase I Footprinting Assay

The DNase I footprinting will be performed according to the method of

Hennighausen and Lubon (1987). Probes were synthesized by PCR with either the

sense or antisense probes labeled at the 5' end with T4 polynucleotide kinase and [y-

32
P]ATP and the other primer is non-radioactive. One pg of poly (dI-dC) and

increasing amounts of the crude nuclear extract from LLC-PK, cells or recombinant

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



51

purified protein (Sp1, AP-2, or CREB) were combined in a total volume of 50 pl

buffer (50 mM NaCl, 0.1 mM EDTA, 20 mM HEPES, pH 7.5, 0.5 mM DTT and 10%
gycerol). Labeled probe was added (10,000 cpms) and samples were incubated for 15-
20 min on ice followed by 2 min at room temperature. Pancreatic DNase I (0.15- 1.0

units) were added to a final concentration of S mM MgCl, and ImM CaCl,. After 1-2
minutes, 100 pl of stop buffer (0.375% SDS, 15 mM EDTA, 100 mM NaCl, 100 mM

Tris-HCI, pH 7.6) E. coli DNA (50 mg/ml) and proteinase K (100 mg/ml) was added

and incubated for 15 min at 37 °C and 2 min at 90 °C followed by phenol-chloroform
extraction and ethanol precipitation. A dideoxy sequencing reaction using the
appropriate primers and the Xbal genomic clone as template was run in parallel to
provide a sequence ladder for analysis. The reaction products were separated on a 10%

polyacrylamide-7 M urea sequencing gel and exposed to x-ray film.
VII. N. Gel Mobility Shift Assay

The gel mobility shift assay was performed according to the method of

Hennighausen and Lubon (1987). Synthetic complementary oligonucleotides with 5'-

2
TCGAC overhangs were annealed and labeled by a filling-in reaction using [a-3 P]-

dGTP and Klenow enzyme. Crude nuclear extracts (4 {tg) from LLC-PK cells, or

extracts plus competitors, were preincubated with 1 pg homogenous poly (dI-dC) to

reduce the accumulation of nonspecific high molecular weight aggregates. Nuclear

extracts were incubated in 10 pl of 10 mM Tris-HCI (pH 7.5), 50-100 mM KCl, 5 mM

MgCL,, 1 mM DTT, | mM EDTA, 12.5% glycerol, and 0.1% Triton X-100 for 30 min

at room temperature. One-tenth nanogram of labeled probe was added and the samples
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incubated for an additional 20-40 min. The samples were separated by 5% PAGE gel
containing 0.5xTBE. Electrophoresis was performed for 2 h at 250 V at room
temperature. Densitometry of autoradiograms was performed on LKB 2222-020

Ultrascan XL Enhanced Laser Densitometer.
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VIII. A. Dopamine-regulation of D,, receptor mRNA

VIII. A.1. Effect of Dopamine on D;, receptor mRNA Levels

The D4 receptor in LLC-PK| cells is known to rapidly desensitize in a time and
dose dependent manner (Grenader, unpublished results). The effect oi dopamine
stimulation on steady state levels of Dy, receptor mRNA in LLC-PK, cells was
investigated. LLC-PK, cells were treated with dopamine at various time points (30min,
2h, 6h, 20h) (Figure 5). Poly A+ mRNA was isolated and reverse transcribed with a

D A receptor gene-specific primer. The resulting cDNA was amplified by polymerase

chain reaction in the presence of p_.dGTP. The PCR products were separated on a
2% agarose gel and the bands excised and counted. A maximal increase (approximately
2 fold) in Dy, receptor mRNA levels was observed for cells treated for 30 min with

dopamine and returned to basal levels after 1 hour of dopamine treatment. A similar

profile was observed with 10 uM forskolin stimulation (data not shown).

VIII. A.2. Effect of Dopamine on D;, receptor mRNA Stability

Since an increase in mRNA levels may occur as a result of either an increase in
transcription or an increase in the mRNA half-life, it was important to examine the
stability of the D, receptor message in response to dopamine. LLC-PK cells were
treated with actinomycin D to inhibit further transcription and collected at various time

intervals for measurement of D5 receptor mRNA (Figure 6). Under these conditions,
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the half-life of the D4 receptor mRINA was determined to be approximately 4.5 h in
control cells (Figure 7). Pretreatment of cells with 10 uM dopamine for 30 min did not

increase mRNA stability as would be expected if increased mRNA stability was
responsible for the observed increase in D;4 receptor mRNA. Instead, the half-life of
the D)4 receptor mRNA appeared to be decreased. Pretreatment of control cells with
cycloheximide and dopamine increased mRNA half-life indicating that de novo protein
synthesis was required for the degradation of D, receptor mRNA (Izzo et al., 1994).
Since the cells pretreated with cycloheximide and dopamine experienced essentially no
change in the D, receptor mRNA levels, it appears that dopamine increases the D5
receptor mRINA gene transcription and simultaneously decreases Dy, receptor mRNA

stability.

VIII. B. Characterization of D;, Receptor 5’-Flanking

Region

VIII. B.1. Identification of DA Receptor Activation Region

Since nothing is known regarding the transcriptional regulation of the Dy,
receptor gene in renal cells, a series of pCAT- D;, chimeras were designed with
progressive deletions in the D4 receptor gene 5'-flanking region in order to
characterize the regulatory domains of the Dj 4 receptor gene. Each of these chimeras
were ligated upstream from a promoterless chloramphenicol acetyltransferase (CAT)
reporter gene. The deletions were designed such that the proposed promoter region (>-
3000 to +53) was successively truncated (Figure 8, left ). In addition, a vector

containing a 3’-deletion in pCAT -303 was constructed, -303/+38. The eight
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constructs were transiently expressed in LLC-PK cells and tested for their ability to

stimulate transcription of the CAT reporter gene relative to the pCAT-Basic vector, a

promoterless CAT expression vector.

Transient transfections of pCAT-3000, pCAT-663, pCAT-303, pCAT-206,
pCAT-165, pCAT-63, pCAT+53 and pCAT-303/+38 constructs in LLC-PK, cells

were performed and CAT activity was determined after 48 h (Figure 8, right).
Expression of the pCAT-303 construct resulted in the most prominent activity, nearly
60-fold higher than the negative control plasmid. Porcine D4 receptor promoter
constructs which extended upstream to -663 and -3000 exhibited 2.5-fold and 6-fold
reduction in CAT activity, respectively, relative to pCAT-303, indicating the presence
of negative regulatory elements in these upstream sequences. Progressive deletions
downstream of -303 (pCAT-206, pCAT-165, pCAT-63), resulted in a graduél
diminishment of CAT activity. The approximate four-fold increase in CAT activity
from -63 to -303 suggests that an activating sequence is contained within this region but
the boundaries are not obvious from these data. The CAT activity of the pCAT-303
construct was three fold greater than the activity of the pCAT-165 construct and taken
to be indicative of the presence of an additional activating domain upstream of -165.
The pCAT+53 construct contains the majority of the 5’-UTR with the 5’-flanking
region deleted, including the transcription start site. The complete loss of CAT activity
observed with pCAT+53 is consistent with the core promoter being located near -63.
Suprisingly, however, deletion of more than 95% of the 5’-UTR (pCAT-303/+38)
dramatically reduced the level of CAT activity. These results demonstrate that neither
pCAT-303/+38 nor pCAT+53 were sufficient to independently promote transcription.
Thus, interactions between upstream (-303/+38) and downstream (+53/+962) elements

appear to be required to achieve efficient transcription of the D, receptor gene in renal

cells.
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VIII. B.2. DNase I Footprint Assay of D;, receptor 5’-Flanking Region

The ability of the proposed activator region (-303 to -63) to bind nuclear
proteins and known transcription factors was initially analyzed by DNase I footprinting
assays (Figure 9, 10). LLC-PK| nuclear extracts were incubated with a 2p_end-
labeled DNA probe containing the upstream nucleotide sequence from -240 to -140
(figure 9A). The results are demonstrated schematically in Figure 11 and indicated that
eight sites of the proposed activating region were protected (F1-7) and one
hypersensitive site was identified (H1). F; (see summary in Figure 11) represents
protection of -240 to -233 and corresponds to an overlapping AP-2/Sp1 site. While F,
and F, contain the two CRE-like elements (-222/-216, -209/-205). H, corresponds to a
hypersensitive area upstream of an AP-2 site (-182/-177). F, protects a region which
contains an E-box consensus site (-169 to -163). Fg and F5, respectively (Figure 10,
11), correspond to protection of a radiolabeled antisense probe at -160 to -170 and -147
to -158 with LLC-PK| extracts. The Fg protected region contains an E-box whereas the
F7 area (-144 to -139) does not represent a known consensus and may serve as a
binding site for a novel or tissue-specific factor. Taken together these results indicate
that the nuclear proteins are bound to the sense and antisense strand of -250 to -134 of
the D4 receptor gene promoter. The antisense probe ( -149/-220) was weakly
protected from -192 to -179 with purified AP-2 protein (data not shown). These results
were confirmed by incubating the upstream probe (-240 to -40) with human
recombinant proteins (Spl, AP-2, CREB-1) as shown in Figure 9B. Interestingly, a
Sp1 site at position -232/-226 was not protected by recombinant Spl. A similar
observation was made by Minowa et al. (1993) for the Act-2 region of the human D,

promoter. Fy, H, and a portion of Fs were protected by purified AP-2 and each of these

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



58

regions contain putative AP-2 sites (-236/-229, -212/-205, -182/-177; respectively).

These results suggest that AP-2 may be an important regulator of the D, receptor gene.

LLC-PK; nuclear extracts were incubated with a **P-end-labeled DNA probe to
the downstream nucleotide sequence -171 to -40 (Figure 9C, lanes 1-5). The
downstream probe contains the region of the porcine Dy receptor gene that
corresponds to the Act-1 and Act-2 region of the human D, receptor gene. Extensive
protection was observed and labeled Fs (Figure 11). The Fs protected region includes
the F4 Fg and F protected areas as well as GC box and AP-2 consensus sites.
Footprinting assays with human recombinant purified proteins and downstream labeled
probe containing nucleotide sequence from -171 to -40 (Figure 9C, lanes 7-15) were
performed. Fs contains a GC box (-127/-122) and the overlapping Egr-1/Spl site (-
101/-90) which were protected by purified Sp1 protein. These results indicate that Sp1
protein is able to bind to the porcine D4 receptor gene activating region at two of the
three putative consensus sites contrary to the findings of Minowa et al (1993) for the
human D, receptor gene. H; and Fs each contain prospective AP-2 sites (-190/-180, -

112/-104; respectively) which were protected by recombinant AP-2.

A comparison of the DNase I protection of -250/-120 was determined using
either LLC-PK; or SK-N-MC (human neuroblastoma cells) extracts (Figure 12). The
LLC-PK, extracts exhibited protection similar to that described earlier (Figure 9A).
The SK-N-MC cell extracts were more effective in protecting the radiolabeled probe
from DNase I digestion. Protection was observed for essentially the entire region

encompassing -250 to -120. This region did not activate transcription of the human D,
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CAT reporter in NS20Y cells (Minowa et al., 1993) as well as the Act-I and Act-II

sequence and therefore suggests this area may suppress activity in neuronal cells.

VIII. B.3. Mutational Analysis of pCAT-303

Deletion analysis indicated that pCAT-303 had the highest CAT activity (Figure
8) and DNase I protection assay indicated that LLC-PK, nuclear extracts extensively
protected the region from -303 to -63 (Figure 9). Minowa et al. (1993) previously
identified an activating region of the human D, 4 receptor promoter which is conserved
in the porcine homologue and corresponds to -171 to -90 of the porcine sequence.

Since the region from -165 to -63 corresponds to Act-I and Act-IT of the human D5
receptor gene, an additional construct was created [pCAT-303 (A-165/-63)] to examine

the activity of -303 to -165 in the absence of -165 to -63 (Figure 13). The pCAT-303

(A-165/-63) construct displayed a 70% decrease in CAT activity, relative to pCAT-303.

These results indicate that -165 to -63 is necessary for optimal activity of pCAT-303.

DNase I protection analysis indicated that LLC-PK, nuclear extracts protected
the two CRE-like elements. Since the 3’-CRE site is better conserved than the 5’-CRE
across species, a construct containing a point mutation in the 3’-CRE site
(GCACGTCC) was created, pCAT-303 (-211G->C), to examine the significance of the
3’-CRE in pCAT-303 (Figure 13). Surprisingly, the point mutation in the 3’-CRE
greatly decreased the CAT activity 90% compared to the pCAT-303 construct. This
level of activity is approximately two fold greater than pBasic. These results indicate
that the 3’-CRE-like element is necessary to maintain basal activity for the pCAT-303

construct.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



60

VIII. B.4. Regulation of a Heterologous Promoter by -303 to -165

In order to determine if the -303 to -165 region contained an activating domain,
it was inserted in front of the thymidine kinase promoter upstream of a CAT reporter
gene (TKCAT) in sense and antisense orientations. Placement of the -303 to -165
sequence upstream of the TK-promoter did not enhance the level of activation (Figure
14). The antisense orientation resulted in a 70% decrease in TKCAT activity indicating
that activity of -303 to -165 is orientation dependent. Although a TKCAT construct
containing 2 copies of the sequence from -303 to -165 in the sense orientation or 6
copies of (-303 to -165) allowed transcription of the TKCAT reporter gene, the activity
was not enhanced by the presence of multiple copies of this sequence. These results
indicate that other cis-elements are required to interact with -303 to -165 in order to
achieve a high level of expression. The previous results from the 5’-deletion analysis
(Figure 8) indicated a two-fold decrease in CAT activity of pCAT-206 relative to
pCAT-303. Since pCAT-206 disrupts the 3’-CRE-like site, a construct was created in
which the 3’-CRE-like element (GGACGTCC)was deleted from pTKCAT-303/-165.
Deletion of the 3'-CRE demonstrated the importance of this site in transcription since
disrupting it inhibited transcription of the TKCAT reporter gene by 85%. Interestingly,
inserting a 22 bp oligonucleotide containing both CRE-like elements in front of the
TKCAT promoter, pTKCAT-5’CRE/3’CRE, resulted in a moderate (2.7x) orientation
independent increase in CAT activity. These results indicate that the 5’-CRE/3’-CRE-
like elements have properties consistent with that of an enhancer but their effects are
silenced within the larger context of the -303/-165 segment when placed upstream of a

heterologous promoter.
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VIII. B.5. Effect of Forskolin on D;, receptor gene transcription

Agonist-induced desensitization and down-regulation of D, receptors is an
extensively studied phenomenon. It is unknown, however, whether transcriptional
mechanisms are involved in this process. Basal activity of the pCAT- D, constructs
required the 3’-CRE (Figure 13) which was also shown to be a moderate enhancer of a
heterologous promoter (Figure 14). In order to determine if the CRE-like sites within
the porcine D, promoter were inducible, cells were transfected with pCAT-D;a
constructs and incubated in the presence and absence of forskolin and assayed for CAT

activity.

Transiently transfected LLC-PK, cells were incubated, 30 hours after
transfection in the absence and presence of 10 pM forskolin and assayed for CAT

activity 18 hours after application. The greatest stimulation in transcription was
observed for the pCAT-303 construct (Figure 15 and 16B, upper panel) which
exhibited a 2-fold increase in CAT activity. Forskolin stimulated transcription of the
pCAT-206 construct was significantly less than the pCAT-303 construct. Interestingly,
pCAT-206 does not contain either of the CRE-like elements, indicating that these CRE-
like elements may be essential for cAMP-responsiveness. In order to further examine
the function of the 3’-CRE-like element, the pCAT-303(-211G->C) CAT construct
which was previously determined to be essential for basal transcription was tested for
forskolin responsiveness. Transient expression of this point mutant in LLC-PK cells
revealed that not only was the CRE-like element responsible for basal expression but it

was necessary for the forskolin response as well. However, LLC-PK| cells transiently
expressing the TK-CAT constructs (pPTKCAT-303/-165, pTKCAT-A3’CRE or

pTKCAT-5’CRE/3’CRE) did not exhibit any significant in change the level of CAT
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expression in response to forskolin treatment (Figure 16B, lower panel). Although the
5’/3’-CRE element and the D, receptor gene sequence -303 to -165 did not confer
forskolin response in the TK-CAT vector it is conceivable that the CRE-like element

acts synergistically with downstream elements to mediate cAMP responsiveness.

VIIL. B.6. Gel Mobility Shift Assay

In order to further characterize the interactions between the proposed Dy,
receptor activator region (-303/-165) and LL.C-PK, nuclear proteins, gel mobility shift

assays were performed with double stranded oligonucleotides for areas of interest.

VIII. B.6.a. CRE-like

Double stranded oligonucleotides containing the two wild type CRE-like sites (-
223/-205) from the porcine Dy, receptor promoter were used as a radiolabeled probe
(Figure 17 A, B). The wild type oligonucleotide and oligonucleotides with the 5’- or
3’- CRE site mutated, singly or together, were added as competitors in gel mobility
shift competition assays. Three major protein-DNA complexes (labeled A, B and C)
were observed to form between the LLC-PK; nuclear extracts and DNA containing the
intact 5’- and 3’- CRE sequences (Figure 17B). The addition of 50- or 500-fold molar
excess concentrations of unlabeled wild type CRE-like competitor efficiently competed
for these complexes (lanes 3, 4). The oligonucleotide containing the mutated 5’-CRE
competed more effectively for the top (A) and lower (C) bands, indicating that the 3’-
CRE bound proteins to form this complex (lanes S, 6). The oligonucleotide with the
3’-CRE mutated competed effectively for the middle (B) and lower (C) bands (lanes 7,
8). The CRE double mutant oligonucleotide was an ineffective competitor (lanes 9, 10)

while the CRE consensus competed in a manner similar to but more efficiently than the
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3’-mutated CRE for the second and third band (B and C) (lanes 11, 12). These results
suggest that the 5’-CRE site which is more similar to the CRE consensus site competes
similarly whereas the 3’-CRE site competes for different protein-DNA complex

suggesting that a different protein may bind to the 3’-CRE site.

VIII. B.6.b. 3’-CRE-like

Since the results of site-directed mutagenesis indicated the 3’-CRE-like site was
important for basal transcription and the above gel mobility shift assay suggested that
the 5’ and 3’- CRE sites may bind different proteins, the 3’-CRE site was examined
separately. A double stranded oligonucleotide containing the 3° CRE-like sequence
alone was radiolabeled (Figure 18 A, B). Incubation of the 3’CRE probe with LLC-
PK nuclear extracts resulted in the formation of three protein-DNA complexes (Figure
18 B; lane 2). Competition with cold wild type 3° CRE competed effectively for
protein-DNA complexes (lanes 3,4,5). Quantitation of the protein-DNA complexes by
densitometry indicated that an oligonucleotide containing the G->C point mutation
(lanes 6,7,8) in the 3’-CRE competed less efficiently (20%) compared to the wild type
CRE. A small difference (5%) was detected in the abilities of the consensus CRE
(lanes 9,10, 11) and the wild type CRE to compete. It is likely that a different
CREB/ATF isoform is bound to the 3’-CRE in the absence of the 5’-CRE compared to
the wild type CRE.

VIII. B.6.c. AP-2
A gel shift assay using a radiolabled AP-2 probe (202/-174) containing the

consensus sequence CCCGCGGC was performed. Incubation of an AP-2 probe with
LLC-PK, nuclear proteins generated 2 protein-DNA complexes (Figure 19). The
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unlabeled wild type AP-2 double stranded oligonucleotide effectively competes for each
of these complexes and at higher concentration (500-fold molar excess) all of the bands
were competed. Interestingly, competition with an AP-2 consensus oligonucleotide
indicated that (lanes 5,6) it did not compete as well as the wild type sequence. A non-
specific competitor (Iane 7) did not compete at concentrations as high as 500-fold molar

excess. These results indicate that LLC-PK nuclear proteins interact specifically with

AP-2 sites in the D, receptor promoter.

VIII. B.6.d. E-box

A synthetic probe containing the CACGTG consensus sequence from -171 to -
154 of the D, 5 receptor promoter was radiolabeled and incubated with LLC-PK;
nuclear extracts (Figure 20). Although two retarded bands were detected, only the top
band represents a specific protein-DNA interaction as evidenced by the ability of the
unlabeled probe to compete for this band. These results confirm that the interactions

between the E-box of the D, receptor gene and LLC-PK, nuclear extracts are specific.

VIIL. B.6.e. Egr-1/ Spl

Using the overlapping Egr-1/Sp1 site (-124/-81) as a probe, one major protein-
DNA complex was formed (Figure 21 A, B). The wild type Egr-1 probe competed
effectively when added in concentrations at 50-fold and 500-fold molar excess. Spl
and Egr-1 consensus oligonucleotides competed for the band. A mutated Egr-1
oligonucleotide did not compete for the protein-DNA complexes. Similarly, an AP-2
consensus site could not compete in a similar experiment even though the wild type
Egr-1 probe contains the upstream AP-2 site (data not shown). These data suggest that

Spl and Egr-1 may interact at the overlapping Egr-1/Sp1 site in the D4 receptor gene.
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VIIL. C. Role of 5’-UTR in D,;, Receptor Gene Transcription

VIII. C.1. Analysis of the D;, Receptor Gene 5’-UTR

In order to establish if the intron and the 5’ untranslated region are involved in
regulating the D5 receptor gene transcription, four additional pCAT constructs with

various deletions of the 5’-untranslated region were prepared and evaluated in LLC-

PK;| cells (Figure 22). The pCAT-303 Alntron construct contains a deletion only in the

region containing the intron (+430/+ 527). The pCAT-303/+542 construct was created
by deleting the distal 5'-untranslated region (+542/4+983) of the pCAT-303 construct.
The pCAT-303/+425 construct contains a deletion of both the distal 5'-untranslated
region and the intronic sequences (+425/+983) of the pCAT-303 construct. The

pCAT-303 Aintron and pCAT-303/+542 constructs were both found to decrease

reporter gene activity nearly 60-fold to levels comparable to the negative control
plasmid, pBasic. These results suggest the presence of cis-elements in the intron and
5’-UTR which are functional enhancers. In contrast, pPCAT-303/+430 increased the
observed reporter CAT activity 22-fold over pBasic. Comparison of the pCAT-
303/+425 to the pCAT-303/+38 would suggest that the area between +38 to +425
contains an activating sequence. Although full activity is not restored with pCAT-
303/+425, it appears that removal of the intron from the pCAT-303/+542 construct
resulted in a dramatic increase in CAT activity, suggesting that the intron behaves as a

[EPIressor.
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VIII. C.2. Regulation of a Heterologous Promoter by Dy, Intronic

Sequence

In order to establish if the intron acts as an enhancer or repressor in a context
independent manner, the intron was inserted into the pBLCATS vector upstream of the
TK-CAT reporter gene in the forward (+) or reverse (-) orientation (Figure 23).
Transient expression of the pTKCAT+intron or pTKCAT-intron in LLC-PK; cells
indicated the intron repressed transcription from the TK-promoter independently of its
orientation. The intron reduced transcriptional activity of the TK-promoter by 80%
compared to the wild-type TK-promoter or pTKCAT-303/-165. In an effort to restore
the transcriptional activity to the TK-promoter, a second construct was designed in
which the -303/-165 region of the D, receptor gene was inserted 150 bp upstream of
the intronic sequence (+430/+527) in pTK+intron. The pTKCAT-303/-165+Intron
construct exhibited reporter gene activity that was 70% less than the wild-type TK-CAT
promoter, in spite of the presence of the -303/-165 sequence. It appears in this context

that -303/-165 can not independently overcome the repression imposed by the intron.

VIII. C.3. DNase I Footprint Analysis of D15 Receptor Gene Intronic

Sequence

In order to test for the presence of regulatory sequences in the intron, DNase [

footprint assays were performed. One of two “p_end-labeled DNA probes containing
nucleotide sequence from +377 to +527 (Figure 24, left) or +430 to +527 (Figure 24,
right) were incubated with nuclear extracts from LLC-PK, cells and then digested with
DNase I. The 5’-probe (+377 to +527) was protected from +420 to +460 while the 3’-
probe (+430 to +527) was protected in two regions +452 to +480 and +485 to +515
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(presented diagramatically in Figure 25). Both assays confirmed that LLC-PK| nuclear
proteins bound to the intronic sequence. Interestingly, the protected sequence at +452
to +460 (GGAATTGGG) contains an inverted CAAT box and the TGGCA binding site
is located at +493 to +497. The remainder of the intronic sequence does not contain

known consensus sequences (Figure 25).

VIII. C.4. Competition Assay of D;, Receptor Gene Intronic Sequence

Using the intronic sequence as a probe in a gel mobility shift assay verified that
the intron is capable of binding nuclear proteins from LLC-PK, extracts (Figure 26).
Two protein-DNA complexes were retarded on a polyacrylamide gel. The binding
primarily occurred in the 3’-distal portion of the intron (+448/+527) as determined by
competition experiments (Figure 26, lanes 7-10). This is particularly interesting since
the sequence does not contain any consensus sites and would suggest that a novel and
perhaps even tissue specific factor may be involved. The 3’-distal portion of the intron
(+478/+527) competed effectively for the 2 protein-DNA complexes with 50-fold molar
excess of competitor. The 5’ -proximal region of the intron (+430/+477) was a less
effective competitor, beginning to compete weakly when 100-fold molar excess of
competitor (lane 6). These results confirm that the LLC-PK; nuclear proteins are able

to recognize regions in the 3’-distal region of the intron and bind to them.
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Figure 5: Effect of dopamine stimulation on D)4 receptor mRNA in LLC-PK; cells.

Cells were incubated with dopamine for various lengths of time as indicated. The
cells were harvested, poly A* mRNA isolated and analyzed by RT-PCR as

described in the methods. PCR products, with 2p incorporated, were separated by

gel electrophoresis, bands were excised and counted in a liquid scintillation counter.

Values are the mean + SEM of two experiments.
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Figure 6: Representative RT-PCR examining effect of dopamine on D, receptor
mRNA stability. Ethidium bromide staining of PCR products following reverse
transcription of LLC-PK; poly A" mRNA with a Dy 5 receptor gene specific primer
(+711/+682). Products were separated on a 2% agarose gel. Prior to RT-PCR,
cells were treated with actinomycin D for the various periods of time as indicated.
The cells were harvested, poly A+ mRNA isolated and analyzed by RT-PCR as
described in the methods. Lanel: DNA marker; Mspl digest of pBR322; lanes 2:
no cDNA-negative control; lane 3: no RT-negative control; lanes 4-7: results from
cells pretreated with cycloheximide (2h) followed by dopamine (30 min); lanes 8-

11: results from control LLC-PK cells; lanes 12-15: results from LLC-PK; cells
pretreated with 10 UM dopamine for 30 min.; lane 16: positive control using

porcine caudate total RNA.
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Figure 7: Effect of dopamine stimulation on the stability of LLC-PK, D, receptor
mRNA. Prior to RT-PCR, cells were treated with actinomycin D for the various
periods of time as indicated. The cells were harvested, poly A+ mRNA isolated and
analyzed by RT-PCR as described in the methods. Values shown are the mean +

SEM of three experiments.
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Figure 8: Transcriptional activity of the D, receptor gene in LLC-PK, cells. A,
schematic representation of the D, receptor gene. The 5° and 3’ flanking regions
and the intron segment are shown by the solid line, the 5’ and 3’ untranslated
regions are shown by the thicker bar and the coding region is shown by the shaded
area. The transcription start site is indicated by the arrow. B, on the leftis a
schematic of the pCAT-D, 5 reporter gene constructs. Progressive deletions of the
D, a receptor gene 5’-flanking and 5’-untranslated regions (from -3000 to +53 bp)
were fused upstream of CAT reporter gene as described in the methods. C, on the
right is the transcriptional activity of each construct following transient expression
in LLC-PK, cells. Transcriptional activity is expressed relative to promoterless
pCAT-Basic construct. Values represent the mean + S.E.M. of 9 separate

experiments, each point determined in triplicate.
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Figure 9: DNase I protection analysis of the Dy receptor gene 5’-flanking region.
A, a sense **P-labeled probe (-240/-40) was incubated with increasing
concentration of LLC-PK, nuclear extracts ( 10, 15, 25 pug, lanes 2-4, respectively)
or B, with increasing concentrations of Sp1 ( 150,300 ng, lanes 2-3, respectively),
AP-2 (20, 60, 120 ng, lanes 4-6, respectively) or CREB (50, 150, 250 ng, lanes 7-

9, respectively), and treated with DNase I . C, a sense labeled probe (-184/-40) was

incubated with increasing concentration of LLC-PK nuclear extracts (5, 10, 20, 25
g, lanes 2-5, respectively) and increasing concentration of purified recombinant

AP-2 (20, 60, 120 ng, lanes 7-9, respectively), Sp1 (50, 150,300 ng, lanes 10-12,
respectively) and CREB (50, 150, 250 ng, lanes 13-15, respectively) and treated
with DNase I. The resulting products were resolved on a 10% PAGE denaturing

gel. Lane 1 contains probe digested with DNase I without the addition of nuclear

extracts. Dideoxy sequencing reactions using the p_labeled sense primer were

electrophoresed simultaneously.
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Figure 10: DNase I protection analysis of the D, receptor gene 5’-flanking region.

An antisense **P-labeled probe (-134/-266) was incubated with increasing

concentration of LLC-PK, nuclear extracts ( 5,10, 15, 20, 25, 50ug, lanes 2-7,

respectively), treated with DNase I and resolved on a 10% PAGE denaturing gel.

Lane 1 contains probe digested with DNase I without the addition of nuclear

extracts. Dideoxy sequencing reactions using the 32p_labeled antisense primer were

electrophoresed simultaneously.
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Figure 11: Schematic representation of DNase I protection analysis of the D
receptor gene 5’-flanking region (-245/-65). Solid bars indicate areas protected by
LLC-PK, nuclear extracts. Stippled bars indicate protection with AP-2 recombinant
protein. Hatched regions indicate sites that were hypersensitive to DNase I and
open bars indicate areas protected by Spl recombinant protein.

Bottom is a schematic representation of putative transcription factors which have
consensus sites in the protected areas. Abbreviations: AP-2, activator protein 2;
CRE, cAMP responsive element binding protein, E, E-box; EGR, early growth

response factor; Sp1, stimulatory protein 1.
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Figure 12: DNase I protection analysis of the Dy, receptor gene 5°-flanking region

using LLC-PK, or SK-N-MC (human neuroblastoma cells) nuclear extracts. A
sense >2P-labeled probe (-266/-18) was incubated with increasing concentration of

LLC-PK, nuclear extracts ( 5,10, 15,20, 25 pg, lanes 2-6, respectively) or SK-N-

MC nuclear extracts ( 5,10, 15,20, 25 pig, lanes 7-11, respectively) treated with

DNase I and resolved on a 10% PAGE denaturing gel. Lane 1 contains probe

digested with DNase I without the addition of nuclear extracts. Dideoxy sequencing

reactions using the 2p_labeled antisense primer were electrophoresed

simultaneously.
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Figure 13: Transcriptional activity of mutational analysis of pCAT-303 . Mutations
were introduced into the pCAT-303 construct, either a deletion of (-303 to -165) or
a point mutation (-211 G->C). On the left is a schematic representation of the CAT
constructs which were tested for CAT activity as previously described. On the right
is the transcriptional activity of each construct following transient expression in
LLC-PK, cells, with activity expressed as %pCAT-303. Values represent the mean

+ S.E.M. of 5 separate experiments, each point determined in triplicate.
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Figure 14: Transcriptional activity of a heterologous promoter/reporter construct
with the D receptor 5’-UTR intron placed upstream. On the left is a schematic
representation of the heterologous thymidine kinase (TK) promoter/CAT construct
and the various sequences placed upstream and tested for enhancer or suppresser
activity as previously described. The intron sequence was tested alone or in
combination with a portion of the D, receptor gene 5’-flanking region (-303 to -
165). On the right is the transcriptional activity of each construct following
transient expression in LLC-PK, cells, with activity expressed as fold pTKCAT.
Values represent the mean + S.E.M. of 8 separate experiments, each point

determined in triplicate.
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Figure 15: Representative TLC of the effect of forskolin on the transcriptional
activity of the pCAT-D 4 chimeric constructs. Thin arrow at the bottom shows
unreacted chloramphenicol. Thick arrows indicate mono- (middle) and diaceylated

(top) products. Lanes 1,3,5,7.9,11; without forskolin, lanes 2,4,6,8,10,12: with
10 uM forskolin treatment, lane 13; pBasic, negative control, lane 14; pControl,

positive control, lane 15; negative control, non-transfected cells.
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Figure 16: Effect of Forskolin on Expression of pCAT-D,, fusion genes in
transfected LLC-PK| cells. A, schematic representation of the D, receptor gene.
The 5’ and 3’ flanking regions and the intron segment are shown by the solid line,
the 5’ and 3’ untranslated regions are shown by the thicker bar and the coding
region is shown by the shaded area. The transcription start site is indicated by the
arrow. B, on the left is a schematic of the pCAT-D,, or pTK-CAT reporter gene

constructs. On the right is the CAT reporter gene expression in control cultures is

shown by solid bars. Hatched bars indicate cultures treated with 10 uM forskolin

for 18 h. CAT activity is expressed as fold over pCAT-Basic or fold over pTK-
CAT. Values represent the mean + S.E.M. of 6 separate experiments, each point

determined in triplicate.
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Figure 17: Gel mobility shift assay using a probe containing 5’- and 3’-CRE-like
elements. A, comparison of double stranded oligonucleotides used in CRE Gel
mobility shift assay. B, gel mobility shift assay was performed using a probe
containing the 5- and 3’-CRE sites of the D4 receptor gene (-223/-205) and LLC-
PK cell nuclear extracts. The WT CRE probe for the gel mobility shift assay was

generated by hybridizing single stranded oligonucleotides containing Sall

overhangs and filling in the ends with 32p_dGTP, dNTPs and Klenow fragments.
Excess probe was incubated in the absence (lane 1) or presence (lanes 2-12) of
LLC-PK| nuclear extracts. The DNA-protein complexes seen in lane 2 (probe +
extract, without competitor) were competed for with increasing concentrations of
WT cold probe (50-, 500-molar excess, lanes 3,4), 5’CRE mutant (50-, 500-molar
excess, lanes 5,6) or 3’CRE mutant (50-, 500-molar excess, lanes 7,8), double
CRE mutant (50-, 500-molar excess, lanes 9, 10) or consensus sequence (50-,
500-molar excess, lanes 11,12). A, protein-DNA complex due to 3’ site; B,C

protein-DNA complexes due to 5’ site; NS, non-specific competitor.
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Figure 18: Gel mobility shift assay using 3’-CRE-like element as a probe. A, list
of competitors used in 3’-CRE competition assay. B, gel mobility shift assay was
performed using a probe containing the 3’-CRE site of the D, receptor gene (-
212/-205) and LLC-PK; cell nuclear extracts. The CRE probe for the gel mobility
shift assay was generated by hybridizing single stranded oligonucleotides
containing Sall overhangs and filling in the ends with **P-dGTP, dNTPs and
Klenow fragments. Excess probe was incubated in the absence (lane 1) or presence
(lanes 2-12) of LLC-PK, nuclear extracts. The DNA-protein complexes seen in lane
2 (probe + extract, without competitor) were competed for with increasing
concentrations of WT cold probe (10-, 50-, 500-molar excess, lanes 3,4,5), 3’-pt
mutant (10-, 50-, 500-molar excess, lanes 6,7,8) or CREB consensus (10-,50-,

500-molar excess, lanes 9,10,11). A, B protein-DNA complexes due to 3’ site.
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Figure 19: Gel mobility shift assay using a probe to an AP-2 site of the D5
receptor gene (-191/-184) and LLC-PK, cell nuclear extracts. The WT (wild type)
AP-2 probe for the gel mobility shift assay was generated by hybridizing single
stranded oligonucleotides containing Sall overhangs and filling in the ends with
p_dGTP, dNTPs and Klenow fragments. Excess AP-2 probe was incubated in
the absence (lane 1) or presence (lanes 2-7) of LLC-PK; nuclear extracts. The
DNA-protein complexes seen in lane 2 (probe + extract, without competitor) were
competed for with increasing concentrations of WT AP-2 (50-, 500-molar exczss,
lanes 3,4) or AP-2 consensus sequence (50-, 500-molar excess, lanes 5,6) or a
non-specific competitor (500-molar excess, lane 7). The probe contained the
following sequence: 5’-

TCGACCGTCCCTTTCGCCCGCGGCACCATCCGGGG-3'.
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Figure 20: Gel mobility shift assay using a probe to an E-box site of the D),
receptor gene (-168/-163) and LLC-PK, cell nuclear extracts. The E-box probe for

the gel mobility shift assay was generated by hybridizing single stranded

oligonucleotides containing Sall overhangs and filling in the ends with 2p.dGTP,
dNTPs and Klenow fragments. The E-box probe was incubated in the absence
(lane 1) or presence (lanes 2-5) of LLC-PK nuclear extracts. The DNA-protein
complexes seen in lane 2 (probe + extract, without competitor) were competed for
with increasing concentrations of cold E-box (50-, 500-molar excess, lanes 3,4) or
(NS) a non-specific competitor (500-molar excess, lane 5).

The probe contained the following sequence:

5’-TCGACACCATCCGGGAGAACCACGTGCGGCTGTCGG-3'.
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Figure 21: Gel mobility shift assay using Egr-1/Sp1 probe. A, list of
oligonucleotides used in competition assay. B, gel mobility shift assay was
performed using a probe containing the overlapping Egr-1/Sp1 site of the D5
receptor gene (-101/-90) and LLC-PK cell nuclear extracts. The WT Egr-1/Spl

probe for the gel mobility shift assay was generated by hybridizing single stranded

oligonucleotides containing Sall overhangs and filling in the ends with p_dGTP,
dNTPs and Klenow fragments. Excess probe was incubated in the absence (lane 1)
or presence (lanes 2-10) of LLC-PK; nuclear extracts. The DNA-protein
complexes seen in lane 2 (probe + extract, without competitor) were competed for
with increasing concentrations of WT cold probe (50-, 500-molar excess, lanes
3,4) or Spl consensus sequence (50-, 500-molar excess, lanes 5,6) or consensus
sequence (50-, 500-molar excess, lanes 7,8) or a mutated Egr-1 competitor (50-,
500-molar excess, lane 9, 10). Bold arrow indicates the major protein-DNA

complex while smaller arrows indicated weaker protein-DNA complexes.
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Figure 22: Transcriptional activity of the pCAT-303 following deletion analysis of
the 5" -untranslated region and the 5’-UTR intron. On the left is a schematic
representation of the various deletions of the Dy 5 receptor 5’-UTR from the
previously tested pCAT-303/+960 construct. On the right is the transcriptional
activity of each construct following transient transfection into LLC-PK cells, with
activity expressed relative to the promoterless pCAT-Basic construct. Values
represent the mean + S.E.M. of 4-6 separate experiments, each point determined in

triplicate.
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Figure 23: Transcriptional activity of a heterologous promoter/reporter construct
with the D, receptor 5'-UTR intron placed upstream. On the left is a schematic
representation of the heterologous thymidine kinase (TK) promoter/CAT construct
and the various sequences placed upstream and tested for enhancer or suppresser
activity as previously described. The intron sequence was tested alone or in
combination with a portion of the D, receptor gene 5’-flanking region (-303 to -
165). On the right is the transcriptional activity of each construct following
transient expression in LLC-PK cells, with activity expressed as fold pTKCAT.
Values represent the mean + S.E.M. of 8 separate experiments, each point

determined in triplicate.
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Figure 24: DNase I protection analysis of the D, receptor gene 5’-UTR intron

with LLC-PK, cell nuclear extracts. Two sense 32p.jabeled probes ( +377/+527 on

the left and +430/+527 on the right) were incubated with increasing concentration

of LLC-PK, nuclear extracts (5, 10, 15, 20, 25, 50 pg, lanes 2-7, respectively)

treated with DNase I and the resulting DNA fragments were separated on a 10%

PAGE denaturing gel. Lane 1 contains probe digested with DNase I without the

addition of nuclear extracts. Dideoxy sequencing reactions using the 3°p_labeled

sense primer were electrophoresed simultaneously.
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Figure 25: Schematic representation of DNase I protection analysis of the Dy,
receptor gene intronic sequence. Nucleotide sequence is shown above with putative
cis-elements boxed or underlined. Stippled bars indicate protection with LLC-PK;

nuclear extracts.
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Figure 26: Gel mobility shift assay of the D, receptor gene 5°-UTR intron with
LLC-PK| cell nuclear extracts. The D;, receptor intronic probe for the gel mobility
shift assay was generated by PCR in the presence of 2P_dGTP and incubated in the
absence (lane 1) or presence (lanes 2-10) of LLC-PK, nuclear extracts. The DNA-
protein complexes seen in lane 2 (probe + extract, without competitor) were
competed for with increasing concentrations of unlabeled proximal (+420/+477) or
distal (+478/+527) intron double stranded DNA; lares 3-6: 1-,10-, 50-, 100- fold
molar excess of proximal intron; lanes 7-10: 1-, 10-, 50-, 100-fold molar excess of

distal intron, respectively.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



115

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



116

IX. Chapter 4: Discussion
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IX. A. Regulation of Dy, Receptor Expression

The molecular mechanisms regulating D, , receptor gene transcription during
receptor desensitization are not known. Although Zhou et al. (1992) demonstrated in
neuroblastoma cells that the rat D, promoter is inducible by cAMP they did not
functionally analyze the response elements that may mediate the cAMP-response.
Likewise, whether D, receptor expression is regulated differently in renal vs. neuronal
cells has not been addressed. Therefore, the purpose of this study was to elucidate the
molecular processes involved in regulating D5 receptor gene expression in renal cells
under basal and stimulated conditions. Interestingly, two CRE-like elements are
contained between -223 to -205 in the porcine D, receptor gene. The 3’-CRE-like site
is highly conserved in the rat and human genes (Figure 27). In the discussion that
follows, it will become evident that these CRE-like sites are essential to both basal and
cAMP-inducible transcription of the porcine D, 4 receptor gene in LLC-PK cells. The
activity of these CRE-like sites is context dependent and appears to require assistance
from additional trans-acting factors bound to their respective cis-elements in the -303 to
-63 region. In addition, evidence of a co-operative interaction between 5’-UTR intronic
elements and the 5’-flanking region is described and is necessary for transcriptional

activity.

The LLC-PK, cell-line is a widely used in vitro model of proximal tubule-like
properties and endogenously express the D 4 receptor gene (Grenader et al., 1995).
DA receptors in LLC-PK, cells undergo a rapid agonist induced desensitization that is
time and dose dependent. D, 4 receptor activation of adenylyl cyclase is decreased by
50% within 15 min exposure to dopamine and D, receptors are completely

desensitized after 30 min dopamine exposure (Grenader, unpublished results). The
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expression of many GPCR genes is regulated by the agonists which activate these
receptors. Barton and Sibley (1990) demonstrated that de novo protein synthesis is
required for recovery of D, receptors after long term but not short term agonist
exposure, implying that increased transcription (or translation) may participate in the
recovery process. Zhou et al. (1992) found that the rat D, promoter is inducible by
cAMP and proposed that a positive feedback loop may exist, allowing the D, receptor
gene to control its own gene transcription. Examination of the effect of dopamine on
D; 4 receptor mRNA levels in LLC-PK cells revealed that D4 receptor mRNA levels
increased 2-fold within 30 min exposure to dopamine and coincided with D4 receptor
desensitization. D), receptor desensitization increased the level of its mRNA. This

increase may be the result of increased transcription or increased mRNA stability.

To establish if dopamine affected the stability of the D, receptor mRNA, LLC-
PK, cells were treated with a transcriptional inhibitor, actinomycin D, in the absence
and presence of dopamine. Dopamine induced a decrease in the apparent half-life of the
D4 receptor mRNA. Cycloheximide increased Dy receptor mRNA levels in the
presence of dopamine. indicating that the half-life of the D; 5 receptor mRNA is
rcgulated at least in part by a protein that regulates receptor degradation (Izzo et al..
1994). These results indicate that short term agonist exposure decreases mRNA
stability. The increase in D;, receptor mRNA levels during destabilization indicates the

increased D, receptor mRNA levels are due to increased transcription.

The change in D, mRNA stability is consistent with multiple destabilization
sequences in the 3'-UTR (Dearry et al.. 1990; Grenader et al., 1995). mRNA stability
is associated with mRNA bindirg proteins that recognize destabilization s2quences

FATTTUAL emned ARES Thaese mfP N ypding peoteins contrituie 1o the mRMNA
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destabilization process (Stoecklin et al., 1994; Huang et al., 1993; Tholanikunnel et al.,
1995). Since destabilization of D; 4 receptor mRNA requires de novo protein
synthesis, this would suggest that perhaps a similar mechanism is involved in
regulating the D, receptor mRNA. Jose et al. (1995) proposed that post-
transcriptional regulation of the D;, receptor involves the D) ,-BP and the AUUUA
binding proteins. They identified a D, receptor mRNA binding protein (D;5-BP) that
binds to a region in the 3’UTR that is 220 bp upstream of the AUUUA region and is
therefore distinct from the AUUUA binding protein (Jose et al., 1995). Further

characterization of the D;,-BP has not been described.

The apparent half-life of the D receptor mRNA can not be accurately obtained
from these data, the D, receptor mRINA half-life appears to decrease following
exposure to dopamine. Since the concentration of mRNA depends on the rate of
synthesis and the stability, increased transcription must maintain the steady state levels
of D14 receptor mRNA. This would imply that the Dy, receptors in renal cells
participate in autoregulation of their own gene expression in a manner analogous to B,-
AR and the rat D, receptor genes. Precise regulation of D, receptor expression is
appears to result from a combination of transcriptional and post-transcriptional control

mechanisms.

IX. B. Functional Analysis of the D;, Receptor Gene 5’-Flanking

Region

The cloning and characterization of the D, receptor gene from the LLC-PK|

cells confirmed that the receptor expressed in this proximal tubule-like cell-line was of
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the D, 4 receptor subtype (Grenader et al., 1995). Comparison of the 5’-flanking
sequence of the porcine D, receptor gene to the rat and human sequences indicated that
it is 80% homologous within the first 250 nucleotides upstream of the transcription start
site (Grenader et al., 1995) (Figure 4). Closer examination of the porcine D4 receptor
gene 5’-flanking and 5’-untranslated regions revealed the presence of multiple putative
cis-regulatory elements (Healy and O’Rourke, 1996). Previously, it was shown that
the promoter is not bi-directional (Grenader, unpublished observations). Deletion
analyses of the porcine D4 receptor gene 5’-flanking sequence indicated that the
sequence downstream from -63 (pCAT-63) appears to contain the core promoter since
it was sufficient for minimal CAT activity (Figurc 8). Progressively extending the 5°-
flanking sequence to -303 gradually increased CAT activity (pCAT-165, pCAT-206,
pCAT-303) above that of the core promoter. The highest level of transcriptional activity
was attained with -303/4+962 (pCAT-303), almost 60-fold over the negative control,
pBasic. A negative cis-clement apparently lies upstream of -303 and suppresses the
activity of the -303/+962 sequence since pCAT-3000 and pCAT-663 exhibited CAT
activities which were significantly lower than pCAT-303. The transcriptional activity
of pCAT-63 CAT was approximately 4-fold lower compared to pCAT-303. These data
suggest that an activator region is present between -303 to -63, however, its boundaries

may not be precisely determined from these data.

Minowa et al. (1993) previously identified two activating regions within the
human D, 5 receptor promoter expressed in mouse neuroblastoma cells which lie 150 bp
upstream of the transcription start site. The corresponding sequence in the porcine Dy
receptor gene is contained within -171 to -90 (Healy and O’Rourke, 1996) and is
highly conserved (>90%) (Figure 4). Therefore it seemed likely that this domain may

participate in regulation of the porcine D)4 receptor gene. Deletion of the -165 to -63

sequence (PCAT-303(A-165/-63) reduced CAT activity (relative to pCAT-303) to levels
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that were similar to the activity of the core promoter (pCAT-63). Results from pCAT-

303, pCAT-206, pCAT-165 and pCAT-303(A-165/-63) CAT indicate that elements

contained within -303 to -63 are all essential for maximal transcriptional activity of the
D; 4 receptor gene in LLC-PK cells. The implication is that interactions may occur
between trans-acting factors bound to their respective cis-regulatory elements within -
303 to -165 and -165 to -63 in order to achieve high transcriptional activity since neither
region can induce transcriptional activity equivalent to pCAT-303 in the absence of the
other. These results support the hypothesis that co-operative interactions occur
between these elements to induce the observed 4-fold increase in transcription exhibited

by pCAT-303 (relative to pCAT-63).

Comparison of the CAT activity of pCAT-303 relative to pCAT-165 indicated
that the 2-3 fold increase in CAT activity exhibited by pCAT-303 may be due to the
presence of positive elements that reside upstream of -165. The region from -303 to -
165 was found to confer renal cell speciticity to the pCAT-D, 4 constructs (Grenader,
unpublished observations). Minowa et al. (1993) extensively investigated the -165 to -
63 region of the human D, promoter in neuroblastoma cells and so to further
characterize the porcine D;, promoter -303/-165 sequence , it was placed in front of a
heterologous promoter. Insertion of -303 to -165 (in the sense orientation) upstream of
a heterologous promoter (TK) increased CAT reporter activity 50% (Figure 13). In
contrast, the antisense orientation decreased CAT activity 70% relative to pTKCAT.
The ability of -303 to -165 to increase transcription, albeit weakly, in the 5°-3°
orientation but decrease transcription in the 3°-5 orientation supports the contention
that this region contains a positive and negative element which influence transcription.
Thus, the -303 to -165 domain is not an enhancer but contains elements which are

important for transcriptional activation. Multiple copies (2 or 6) ot the -303 to - 165
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sequence did not greatly increase transcriptional activity (only 70%) of the reporter gene
as would be expected if it possessed enhancer-like properties. These findings indicate
that additional cis-regulatory elements are required for efficient transcriptional activation
of the D, receptor gene or that a negative element within -303 to -165 is dominant in

this context.

Activation of Dy, receptors in LLC-PK, cells by dopamine leads to an
accumulation of cAMP (Grenader and Healy, 1991). Increased cAMP levels trigger the
D, 4 receptor desensitization mechanisms (Grenader, unpublished results) and increases
D) A receptor gene transcription within 30 min. The profile exhibited by the porcine Dy,
receptor mRNA is consistent with cAMP-stimulation of transcriptional events in that
cAMP-induced transcription and CREB phosphorylation normally peak at 30 min, and
decline gradually (4-6 hr) (Armstrong et al., 1995). The eftect of forskolin on the
activity of the pCAT deletion constructs (pCAT-3000 to pCAT-63) was examined. A
2-fold increase in CAT activity was observed for pCAT-303 when transfected cells
(LLC-PK,) were exposed to forskolin. The fact that constructs containing sequences
downstream of -206 (pCAT-206, pCAT-165, pCAT-63) did not exhibit increased CAT
activity when challenged with forskolin suggests that the CRE-like elements mediate
cAMP-responsiveness. In fact, pCAT-206 deletes both CRE-like elements and led to
the hypothesis that these sites are necessary for cAMP responsiveness. Evidence for
this hypothesis was provided by a construct containing single base substitution at -211,
G->C, in pCAT-303. The point mutation eliminated the response to forskolin while
simultaneously reducing basal levels of CAT activity. This dramatic effect
demonstrates that the 3’-CRE is important for both basal and cAMP-mediated
expression of the Dy, receptor gene. These results are consistent with other genes

whose basal activity is similarly regulated through a CRE (Kim et al.. 1993. Osawa et
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al., 1996). Itis interesting to note that the 5’-CRE and 4 AP-2 sites were not sufficient

to mediate cAMP-responsiveness.

The speculation that the porcine CRE-like elements were essential to
transcriptional activity of the D, receptor gene originated from the observation that the
D 4 receptor mRNA is regulated by dopamine. Agonist binding to dopamine receptors
stimulates the production of cAMP, subsequently activating protein kinase A.
Translocation of protein kinase A to the nucleus enables it to phosporylate CREB
transcription factors. Zhou et al. (1992) found transcription of the rat D, promoter was
regulated by 8-Br-cAMP but the element responsible for the cAMP responsiveness was
not identified (Zhou et al., 1992). The clement proposed by Zhou et al. (1992) was
TGGCGCCA (-29/-22) but the rat D, promoter contains an additional element at -240/-
233 which is very similar to the porcine 3'-CRE like element (Healy and O’Rourke,
1996). In fact, this element is conserved in the human D, promoter as well (-197/-190)
(Figure 27). A conscnsus site was determined, RGRCGTCC (where R is a purine),
and used to search the rat and human D, receptor gene sequences. The rat promoter
contained only the single CRE-like site (-24(/-233) described above and the human D,
promoter contained an additional CRE-like element at position -441/-434 which is
identical to the porcine 3°-CRE. Since the functional significance of the CRE-like
elements were not previously determined. deletion analyses were performed to examine
the possibility that these CRE-like elements are involved in D) 4 receptor gene
transcription. Disruption of the 3’-CRE site in pCAT-206 resulted in a 50% decrease in
CAT activity relative to pCAT-303. implying that this site may be important in Dy,
receptor gene regulation (Figure 8). Similarly, deletion of the 3° CRE from -303 to -
165 (pTKCAT-303/-165) in front of a heterologous promoter (TK) suppressed reporter
activity (figure 13). confirming the importance of the 3’-CRE site in transcriptional

activation of the Dy, receptor gene. These results also demonstrate the inability of the
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5’-CRE to independently promote transcriptional activation in this context.
Introduction of a point mutation in -303/+962 at -211, [pCAT-303(-211 G->C)]
confirmed that the 3’-CRE is essential for basal activity of the D, receptor gene and
that the 5’-CRE is not sufficient for transcriptional activation in this context. This is
consistent with the observations of others (Fink et al., 1988; Spiro et al., 1995) that
mutating or deleting a CRE in a promoter containing multiple CREs alters the response
to second messengers and transcriptional activators. Another interpretation of these
results is that the two Dy, receptor -CRE sites may not act in concert as transcriptional
activators. One sitc may be primarily involved in transcriptional repression while the

other mediates activation or the activity of each site may depend on the surrounding

context (Goraya et al., 1995; Benbrook and Jones, 1994).

Closer examination of the wild type CRE in front of a heterologous promoter
(pTKCAT 5°-CRE/3’-CRE) indicated that it increased CAT activity nearly 3-fold over
TKCAT in an orientation independent manner. The activity of the wild type D;a
receptor CRE-like element (pTKCAT 5°-CRE/3’-CRE) is higher than -303/-165
(pTKCAT-303/-165) indicating that an element within -303/-165 may suppress the
CRE activity. This is consistent with the results of pTKCAT-165/-303 (antisense)
which suggested a negative element is present in this region which is dominant in the
antisense orientation. A similar observation was reported for the CRE in the calspermin
gene in which inversion of 111bp sequence containing the CRE resulted in a loss of
CREMTt stimulation (Sun et al., 1995). This may reflect the stereospecificity of the

transcription initiation complex (Oelgeshlager et al., 1996).

The inability of pTKCAT -303/-165 and pTKCAT 5°/3’-CRE to increase

transcriptional activity in response to forskolin indicates that the CRE-like elements
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require additional cis-clements in the context of a heterologous promoter to mediate
cAMP-responsiveness. CRE elements often mediate cCAMP responsiveness through
interactions with additional cis-elements (Medcalf et al., 1990; Roesler et al., 1995;
Roesler et al., 1996; Muro et al., 1992). A similar observation was reported for the
somatostatin CRE (Montimony et al., 1986) which when placed upstream of a
heterologous promoter indicated that this 10 bp CRE alone was not cAMP responsive.
However, in contrast to the porcine D, receptor CRE, the somatostatin CRE became
responsive when additional 5’-flanking sequences were added. Presumably, the
inability of the somatostatin 10 bp CRE and the D, receptor CRE to mediate cAMP-
responsiveness in front of a heterologous promoter is due to required interactions with
other cis-elements. Although a CRE-like element (-29/-22) was assumed to mediate
cAMP-responsiveness within the rat D, promoter (Zhou et al., 1992) characterization of
this CRE-like element was not demonstrated, therefore whether it acts alone orin

concert with additional cis-elements is not known.

CREB/ATF factors are members of the bZip transcription factor family and are
characterized by a motif more commonly known as the leucine zipper. In general,
CREB-ATF factors homodimerize or heterodimerize with other bZip transcription
factors and bind to the CRE consensus site. Footprinting assays with LLC-PK;
extracts indicated that both the 5° and 3°- CRE-like sites (-223/-216, -212/-205) were
protected. However, the inability of purified CREB-1 peptide to the DNA binding
domain to protect either of these sites suggests that a novel protein may be involved in
these interactions. A gel mobility shift assay using a probe containing the 5°/3'-CRE-
like sites demonstrated that each of these sites interact with distinct protein complexes.
The slowest migrating band appears to be due to specific protein interactions with the
3"-site where as the middle band appears to arise from nuclear protein binding to the 5°-

CRE site. The fastest migrating band appears to be sensitive to competition with the 5°
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CRE, 3’ CRE and the consensus site and suggests that a heterodimer may form this
complex. It is possible that this lower band may represent a new site created from
sequences from both the 5" and 3° CRE-like sites as was shown for the proenkephalin
gene (Spiro et al., 1995). The consensus CRE oligonucleotide could not compete well
for the top band, indicating that perhaps a protein distinct from CREB may recognize
the 3’-CRE-like site. No band was detected in the GMSA which was sensitive to
competition with an oligonucleotide containing a mutation in both CRE sites. Analysis
of the 3’ CRE element by GMSA demonstrated that the 3° CRE competed effectively
for protein-DNA complexes. The affinity of the point mutant oligonucleotide appears
to be lower than the wild type. In the abhsence of the 5'-CRE site, the consensus and
wild type exhibited similar binding affinities. This may reflect the different
conformations allowed in the absence of the 5°-CRE site as was demonstrated for the
proenkephalin gene (Spiro et al., 1995). Although the 3°-CRE can function
independently as a binding site, it can not hy itselt support efficient transcription (Xu,
preliminary results). Since transcriptional activation requires the continuous presence
of the activating domain in order to maintain transcription (Ho et al., 1996) it is
conceivable that any alteration in aflinity will destabilize the transcription activation
complex (Williams et al.. 1993; Keller et al., 1995: Kim et al.. 1995). Preliminary
supershift experiments (Lu, unpublished results) using CREB-1 and CREM-1
antibodies suggest that CREB-1 binds to the 5°-CRE site and CREM-1 binds to the 3°-
CRE site. Goraya et al. (1995) previously demonstrated by that CREM may repress or
activate transcription depending on the context of the CRE and the abundance of CREM
isoforms. This may explain why the 5'-CRE can not act independently in the absence

of the 3'-CRE in the context of the D4 receptor 5'-flanking sequence (pCAT-303 (-211
G->C), pTKCAT A3°-CRE) yet is a strong activator of transcription in pTKCAT in the

absence of the 3’-CRE and the porcine 5°-flanking sequence (Xu, unpublished

observations).
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IX. C. Characterization of Additional Cis-Elements in the D;, Promoter

Deletion analysis indicated that the sequence from -303 to -63 is important to
D4 receptor gene regulation. This region contains many consensus sites for
transcription factors which may potentially regulate D, receptor gene transcription.
Footprinting assays using LLC-PK, extracts indicated that the porcine D, 4 receptor
gene was protected extensively. Numerous regulatory factors bound to long and
multiple stretches between -266 and -18 (Figure 9, 10, 11). DNase I protection was
observed within areas containing several consensus sites including several AP-2, 5°-
and 3’-CRE, E-box. Egr1/Spl. GC box and a novel site at CCTCTCTG (-149/-142).
A comparison of DNase [ protection with LLC-PK; and SK-N-MC extracts indicated a
similar protection pattern. The stronger protection pattern observed with the SK-N-MC
extracts is probably due to higher concentrations of transcription factors in these
extracts compared to the LLC-PK, extracts. The novel site (-149/-142) was protected
by both neuronal and renal cell extracts and therefore it is not likely to bind a tissuc-
specific factor. An antisense probe incubated with LLC-PK, extracts confirmed that the
E-box (-168/-163) and the novel site CCTCTCTG (-149/-142) were protected but
neither of the CRE-like silcs were protected. Protein interactions with the CRE-like
sites on the antisense strand may be sterically hindered by the conformation of the

DNA.

The Spl factor is required to maintain basal transcription in GC rich promoters
lacking a TATA box. like the D4 receptor promoter (Dynan. 1986). Recombinant
purified SP1 protein bound to the GC box (-127/-122) and the overlapping Egr-1/SP1
site (-101/-90) in DNase I footprinting analysis of the -240/-40 region. Protection of

these sites with LLC-PK, extracts suggests that Spl interactions at these sites are
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involved in D, 5 receptor gene transcription. The region of the Sp1 protection
corresponds to the activating domains (Act I and II) of the human D, receptor gene.
Although Minowa et al. (1993) previously reported this region did not bind purified
Sp1 in their footprinting and UV-cross linking assays, they demonstrated that a protein

antigenically related to Sp1 bound to these sights in supershift assays.

AP-2 is a transcription factor which is inducible by phorbol esters or cAMP
(Medcalf et al., 1990; Rocsler et al., 1988 ). DNase I footprinting analysis of the
porcine D, receptor promoter region using purified recombinant AP-2 protein
indicated that AP-2 bound to consensus sites within the -240/-40 region. Four AP-2
sites were protected in this region (-236/-229. -194/-184.-117/-110, -80/-73) and one
hypersensitive site occurred at -112/-104. Of the protected AP-2 sites, one included an
overlapping Sp1/AP-2 site (-236/-229) which did not bind purified Sp1 protein.
GMSA confirmed that LLC-PK, extracts interacted specifically with an AP-2 probe (-
194/-184). The two specific protein-DNA complexes that formed may be attributed to
the existence of two members of the AP-2 family (AP-2 and AP-2B). an alternatively
spliced isoform which represses transcription). Competition assays indicated that
although the AP-2 protein-DNA complexes were effectively competed for with cold
probe, the AP-2 consensus oligonucleotide could not compete as well. The fact that the
AP-2 consensus oligonucicotide did not compete as effectively may suggest the

importance of the 5’-flanking sequence in binding trans-acting factors.

There appeared to be a discrepancy between the protection exhibited by NS-20Y
extracts and AP-2 protein in DNase I analysis of the human D, promoter (Minowa,
1993). AP-2 bound 10 2 of the 3 proposed sites (-106/-101 and -66/-59) which are
conserved in the human D, receptor gene (Figure 4). The porcine AP-2 sites were

protected in a similar manner with LLC-PK; extracts and purified AP-2. However. the
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third AP-2 site (-86/-77) examined by Minowa et al. (1993) did not bind AP-2 or Sp1
and they proposed a novel factor bound to this site. However, purified Sp1 did bind to
the corresponding site (-101/-90) in the porcine D, receptor promoter. Careful
examination of this region (Figure 4) indicated that the site is conserved between
species and represents an overlapping Egr-1/Sp1 site (-101/-90). It is possible that

Egr-1 is the factor Minowa et al. (1993) observed at this site and not a novel factor.

Egr-1 (early growth response factor) is an important mediator of transcription
induced by mitogens and its ability to induce transcription of early response genes is
central to regulating cell proliferation (Cao et al., 1993). Increases in D, receptor
mRNA levels were observed following exposure to serum (Grenader, unpublished
observations). Serum is known to contain a variety of growth factors that induce
transcription of early response genes, including Egr-1. Egr-1 is ubiquitously expressed
transcription factor and its presence in the LLC-PK  cell line has been established
(Kinane et al,, 1994). Therefore, it is possible that the serum induced increases in D) 5
receptor gene transcription may be mediated by Egr-1. The Egr-1 consensus site is also
recognized by the Wilm's tumor suppresser gene product, WT, (Blackwell and
Weinberg, 1990: Madden et al., 1991) which is expressed in a restrictive manner but
present in the urogenital system (Pelletier et al., 1991). DNase I protection was
observed at the Egr-1/Spl site (-101/-90) with LLC-PK, nuclear extracts. A gel
mobility shift assay using a probe containing the Egr-1/Sp1 site (-107/-90) generated a
complex pattern of protein-DNA complexes. Although immediately upstream of the
Egr-1/Sp1 site is an AP-2 consensus site (-111/-104), a previous competition assay
(data not shown) demonstrated that an AP-2 consensus oligonucleotide sequence did
not compete for any of the observed DNA-protein complexes. Egr-1 and Spl
oligonucleotides were effective competitors for the protein-DNA complexes but not as

etficient as the unlabeled probe suggesting the flanking sequence may contribute to
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specificity of protein binding. The Spl oligonucleotide competed more effectively than
the Egr-1 consensus sequence. This ditference may be due to affinity differences or to
differences in the relative abundance of Spl and Egr-1. Egr-1 is an inducible tactor that
is temporally expressed in LLC-PK cells (Kinane et al., 1994) whereas Spl is
constitutively expressed. Although AP-2 bound this area in footprinting assays, the
inability tor the AP-2 consensus oligonucleotide to compete is somewhat reminiscent of
the observations of Minowa et al. (1993). This apparent discrepancy may be explained
by the fact that nuclear extracts contain multiple transacting factors which must compete
with each other for binding sites compared to the use of recombinant purified protein.
Thercfore. due to their close proximity, AP-2 may be physically incapable of binding to
its site (-111/-104) upstrcam of the Egr-1/Sp1 site when other transacting factors are

previously bound.

Overlapping consensus sites arc commonly involved in regulating gene
expression (Xu ct al.. 1993; Shingu et al.. 1994; Cao et al., 1993: Mitchell and Tijan,
1989: Ebert and Wong, 1995 Harrington et al., 1993: Diamond et al.. 1990). D,
receptor gene regulation through this site appears to be complex. DNase I analysis and
competition assays indicated that Spl and LLC-PK; extracts bound to an overlapping
Egr-1/Sptl site (-101/-90). While the results suggest that Egr-1 and Spl may bind to
this site, they are by no means conclusive. WT; may also contribute to Dy, receptor
gene regulation at this Egr-1/Spl1 site (-101/-90) since WT1 is expressed in LLC-PK,
cells (Kinane et al., 1994). Physical competition for binding sites and the relative
abundance of nuclear factors may influence (Diamond et al., 1990) which trans-acting
factor is bound to this Egr-1/Spl site at any given time. Protection of a cis-regulatory
clement by a transcription tactor does not indicate apriori whether transcription is
activated or repressed in response to the bound factor. Egr-1. an inducible factor. was

shown 1o inhibit its own gene expression through an overlapping SpI/EGR-1 site while
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Spl, a basal factor, stimulates its transcription (Cao et al., 1993). It is plausible that
the D, receptor gene expression may be differentially regulated through the
overlapping Egr-1/Sp1 site in a manner analogous to phenylethanolamine N-
methyltransferase (PNMT) gene (Ebert, 1995) where selective regulation of Spl, Egr-1

or WT, through different stimuli may control D, receptor gene expression.

The E-box consensus sequence, CACGTG, is recognized by transcription
factors from the basic helix-loop-helix (bHLH) transcription factor family such as myc,
mad and max (Ayer et al., 1993; Fisher et al., 1993). This site is conserved between
the porcine and human D, , receptor genes (Figure 4, Healy and O’Rourke, 1996).
DNase I footprinting analysis and gel mobility shift assay indicated that a probe to the
porcine D4 receptor gene bound LLC-PK, nuclear extracts in the E-box region. A

characteristic feature of these factors is the presence of a basic rich domain followed by

two amphiphilic o helices connected by a variable loop. (Blackwell and Weintraub.

1990; Anthony-Cahill et al.. 1992). The bHLH transcription factors form dimers
which preferentially bind DNA scquences. Half-site recognition adds to the complexity
of gene regulation by allowing for specific responses to a diverse array of stimuli

through the formation of various heterodimers.

IX. D. Role of 5’-UTR in D;, Receptor Gene Expression

Although the coding regions of a considerable number of G-protein coupled
receptor genes are uninterrupted by introns, many of these G-protein coupled receptor
genes contain a 5°-UTR intron. In addition, a significant number of G-protein coupled
receptor genes whose coding regions are cncoded by multiple exons and contain 5°-

UTR introns as well. Therelore. the presence of an intronic sequence in the 5°-UTR of

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



132

a GPCR genc appears to be independent of the gene organization (Table I). Among the
G-protein coupled receptor genes possessing a 5°-UTR intron and having coding
regions uninterrupted by an intron are the Dy, D3, platelet activating factor,
angiotensin II type I and type 1, and muscarinic receptor genes (Grenader et al., 1995;
Beischlag et al., 1995; Chasc et al., 1993; Pang et al., 1995; Meida et al., 1996;
Bonner et al., 1987; Liao et al., 1989; Zhou et al., 1992; Minowe et al., 1993;
Takeuchi et al., 1993; Takayangi et al., 1994; Martin et al., 1995). Examples of
receptors with introns in their coding and 5°-UTR are adenosine 1, bradykinin 2,
dopamine 2, endothelin 1A, thromboxane A2, oxytocin and neuropeptide Y (Ren et al.,
1994; Pesquero et al., 1994; O’Malley et al., 1990; Minowa et al., 1992; Hosada et al.,
1992; Nusing et al., 1993; Rozen et al,, 1995:; Ball et al.. 1995). Interestingly, most of
these GPCR genes containing a 5°-UTR intron are TATA-less and the presence of the
5'-UTR intron appears to be independent of the sccond messenger system. The
signiticance of an intronic sequence within the 5° untranslated region of G-protein

coupled receptor genes has not been previously demonstrated but intronic sequences

have been shown to influence transcription of WT,, immunoglobin Y, calspermin,

endotoxin ribonuclease reductase and thyroid hormone receptor a genes (Malick et al..

1995; Grosscheld and Baltimorc. 1985: Sun et al., 1995: Tiffany et al.. 1996; Lazar et
al., 1995). Itis likely that a common regulatory mechanism is responsible for

controlling expression of G-protein coupled receptor genes with a 5"-UTR intron.

The first evidence that the 5’-UTR may be relevant to transcription of the Dy,
receptor gene was provided by 2 constructs (pCAT-303/+38. pCAT+53) designed to
further delineate the porcine D) receptor activating sequence Lo regions upstream (-
303/+38) or downstream (+53/+962) of the transcription start site. Both pCAT-

303/+38 and pCAT+53 had low activity indicating that neither region alone can
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function as an independent promoter. The inability of this (pCAT-303/+38) construct
to independently promote transcription demonstrated that -303 to +38 was necessary
but not sufficient for transcriptional activation. It also indicated that elements in the 5°-
UTR are required for efficient transcriptional activation (Figure 8). The fact that
+53/4962 had low activity indicated that the intron did not contain an alternative
promoter downstream of the major transcription start site. The inability of pCAT+53 to
direct transcription is consistent with the hypothesis that the core promoter lies near -
63. Therefore, a more detailed deletion analysis of the 5°- UTR was performed and

provided evidence that the intronic clement could be positive or negative. Differences
in the transcriptional activity of pCAT-303 Alntron relative to pCAT-303 suggested that

the intron contains enhancer-like elements. In addition, deletion of the distal 5°-
untranslated region (pCAT-303/+542) abolished CAT activity relative the pCAT-303
and suggested that the distal 5"-UTR may contain a positive element. On the other
hand, simultancous deletion of the intron and the distal 5°- UTR (pCAT-303/+425)
resulted in a moderate increase in CAT activity, 22-fold over pBasic. Although the
reporter activity of pCAT-303/+425 was 3-fold lower than pCAT-303. the activity was
higher than pCAT-303/+542. This implies that the intron may contain negative
elements which suppress transcriptional activity. However, deletion of almost the
entire 5" -untranslated region (pCAT-303/+38) resulted in complete loss of CAT activity
which suggests that a positive clement within +38 to +425 is necessary for
transcription. These results taken together indicate that an interaction between upstream
(-303/+38) and downstream (+53/4+962) cis-elements are required to activate

transcription of the D4 receptor gene in renal cells.
The 5’UTR of the D, , receptor transcript is unusual in that it contains several
A p p

AUG codons upstream of the receptor cistron (figure 3). Although only 10% of

eukaryotic genes possess 5°-uORF. a considerable number of GPCR genes have §5°-
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uORF (Bonner et al. 1987) including all of the GPCR listed in table . When such
upstream open reading trames are translated efticiently, the resulting peptides may
inhibit translation of the downstream open reading frame (Parola and Kobilka, 1994)
and may contribute to mRNA destabilization (Oliveria and McCarthy, 1995).
Combining secondary structure (stem loops) with small open reading frames inhibits
translation more efficiently than either alone (Kozak, 1990). Although two possible
stable hairpin loops exist in D, , receptor gene 5’-non-coding region 14 and 17
nucleotides downstream of the purported translation initiation site, +1 (Grenader et al.,
1995), these structures appear to lie too far downstream to allow translation to initiate
effectively from the upstream AUG codons . Whether or not the 5’uORFs of the D,
receptor gene are translated is not known but translation may be initiated at non-Kozak
sites even in the weakest context if it is the first AUG codon (and an A in position -3)
regardless of the remaining downstream AUG codons (Kozak, 1991). The presence or
absence of upstream AUG codons can not account for the results obtained from
deletion analysis of the 5°-UTR. Deletion of the intron from pCAT-303 (i.e. pCAT-
303aintron) abolished CAT activity. Comparison of the intron delction to pCAT-303
suggests that the observed difterences are due to transcriptional effects since the same
AUG codons should be present in mature mRNAs from both constructs. Whether the
five remaining AUG codons suppress translation of the downstream receptor cistron
relative to the level of translation which may be attained in their absence remains to be
seen. Deletion of the distal 5”-untranslated region abolished CAT activity relative the
pCAT-303. The intron contains a 5’sORF (short open reading frame) which is
presumably spliced out of the mRNA from the construct containing the distal 5’-UTR
deletion. Therefore, comparison of the CAT activity from the construct with the distal
5’-UTR deleted (-303/+542) and expression of the construct with the intron and distal
5-UTR deleted (-303/+425) suggests that the differences in observed CAT activities

are due to differences in transcription since the mRNAs would lack all of the AUG
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codons. Removal of all the AUG codons did not restore the maximal transcriptional
activity (pCAT-303/+425, pCAT-303/+38). It appears that the results of deletion
analysis of the 5"-UTR can not be explained by effects on translation since complete
removal of these 5’-uORF did not increase transcription, however, further studies are
required before translational effects are completely dismissed. It is likely that the
destabilization of the D, , receptor mRNA may be mediated by proteins that interact at

the 3’-UTR (Jose et al., 1996).

Analysis of the D, receptor gene intron in front of a heterologous promoter
provided a context independent system to clarify whether the intron inherently acts as a
positive or negative clement. The +430/+527 sequence of the D, receptor gene
eflectively suppressed transcription of the heterologous promoter (TK) in an orientation
independent manner. Positioning the -303 to -165 sequence 150bp upstream of the
intron did not overcome the observed transcriptional repression. This result may be
attributed to the fact that -303 to -165 is not an enhancer and the intron is a repressor in
this context. Although -30)3 10 -165 contains a positive regulatory element (CRE). it
may contain negative elements as well to modulate the level of activity. In addition, it
can not be concluded from these experiments whether the intron is a positive or
negative regulator of transcription since it is promoter specific. It appears that the
spatial arrangement and context ol the intron strongly influence whether it is an
enhancer or repressor. These results taken together confirm that upstream and
downstream cis-elements arc interacting to activate D receptor gene transcription.
Disrupting these interactions through deletions or insertions may affect the level of

transcription by forcing new interactions to occur or disturbing necessary interactions.

Analysis of the 5°-flanking and 5’-UTR of the porcine Dy receptor gene

(Figurc 4) with Transcription Factor Data base (Ghaosh, 1993) revealed that the 5°-UTR
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contains several consensus sites for known transcription factors (AP-1, AP-2, Sp1/GC
box) while only two known consensus sites are present in the intron. The 5’ portion of
the 97bp intron contains an inverted CAAT box and the 3’-portion contains a CTF/NF-
1 site. GMSA competition and footprinting assays indicated that LLC-PK, nuclear
protein interactions primarily occurred at the 3° portion of the intron. The 3’-portion of
the intron contains a TGGCA site (+492/+502) which may be recognized by CAAT-
binding protein (CBP) and CTF/NF-1 proteins. Interestingly, these proteins are
capable of recognizing the CAAT box as well (Dom et al., 1987a). Since the LLC-PK;
cells are known to express 2 cAMP-inducible CAAT-binding protein (Kinane et al.,
1993), it is tempting to speculate that this protein contributes to D, 5 receptor gene
rcgulation through interactions with the intron and perhaps is required for cAMP
responsiveness. In addition, the 3’-portion of the porcine D, 4 receptor gene intron
contains three motifs which may represent functional cis-elements: tandem repeat,
inverted repeat and purine/pyrimidine tract (Figure 25). Tandem repeats are involved in
the activation of vitamin D receptor response elements whereas inverted repeats are
typical of glucocorticoid receptor, estrogen receptor, and thyroid hormone response
elements (Evans, 1988). Poly-pyrimidine tracts are important in branch site recognition
and binding general transcriptional repressors (Sommerville and Ladomery, 1996:
Norton, 1994; Mulligan et al., 1992). Novel transcription factors or tissue specific
factors may be involved in interactions with these sites and require further

investigation.

Intronic sequences have been identified which repress (Malick et al.. 1995:
Lazar et al., 1995) or enhance gene expression (Lazar et al., 1995: Grosscheld and
Baltimore, 1985; Sun et al., 1995). Multiple promoters within some introns are

alternatively transcribed resulting in different sized transcripts with distinct propertics.

(Cervini et al.. 1995) Dittercnuial expression of thyroid hormone receplor o and B
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genes is due to the presence of a purine rich element and two octamer binding sites in

the intron of the o gene that are not present in the p gene (Lazar et al.,1994).

Communication between the 5°- and 3’-UTR and intronic sequences of the embryonic
B-type globin gene demonstrates the complex mechanisms that have evolved to silence
enhanced gene expression (Wandersee et al., 1996). Enhanced expression of the
eosinophil-derived neurotoxin ribonuclease gene occurs as a result of interactions
between an intron within the 5’-untranslated region (5’-UTR) and the promoter
(Tiffany et al., 1996). However, to my knowledge, this is the first demonstration of
the involvement ot a 5°-UTR intron in the transcriptional regulation of a G-protein

coupled receptor gene through interactions with the promoter.
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IX. E. Model of D;, Receptor Gene Transcription

Activation of transcription in eukaryotes is a complex process which takes place
either in multiple steps (Stargell and Struhl, 1996) or in one concerted step (Halle and
Meisterernst, 1996). Regardless, TATA-less genes, like the D 4 receptor gene, require
interactions with basal transcription factors (TFIID and TAF factors) to form the
transcription initiation complex (Wiley ct al., 1992: Oelgeshlager et al., 1996; Aso et
al.. 1994). The general transcriptional machinery is recruited to the transcription start
site of a TATA-less gene by other transcription factors. Since Spl and CREB are
known to interact with TFIID (Azizkhan ct al., 1993; Xiang et al., 1995; Ferreri et al..
1994). it is plausible that either CREB or Spl or both may be involved in recruiting the
TFIID complex to the Dy, receptor gene transcription start site. A stereospecific
initiation complex is formed as a result of the TFIID complex’s interactions with

downstream elements (Oelgeshlager et al.. 1996).

D, A receptor gene expression is complicated and involves several cis-clements.
Activation of D 4 receptor gene transcription requires nuclear transacting factors (AP-2,
CRE-like, Spl, Egr-1. E-box and intron binding proteins) to bind to their respective
consensus sites. Small changes in an activation domain can be discerned by the
arrangement of basal clements (Das et al., 1995). This is apparent in the D4 receptor
gene since transcriptional activation of the D4 receptor genc relies on the precise spatial
arrangement of cis-regulatory clements. A proposed model would involve these
transcription factors acting cooperatively to induce conformational changes in the DNA
duplex possibly resulting in looping (hairpin) or twisting of the DNA. Thus. permitting

interactions between the 5™-flanking and 5°-UTR of the D, receptor gene by bringing
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5" and 3’ elements in close proximity to each other (Figure 28). This model allows
optimal interactions to occur between the transcription factors bound to these cis-
elements. The new conformation allows the general transcription factors and RNA
polymerase II to bind to the transcription start site and initiate transcription. While the
focus here was on the role of the 5’-UTR intron in D4 receptor gene transcription, the
5"UTR contains many consensus sites which may participate in D, receptor gene
regulation as well. The proposed mechanism may apply to other members of the

GPCR-superfamily which are organized similarly.
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IX. F. Future Directions

While my results provide some insight into D; 5 receptor expression in renal
cells, there are many questions concerning the regulation of the D4 receptor at the
transcriptional and translational level which may be addressed in the future. One
concern is whether the receptor protein levels are effected during early stages of
desensitization during which transcription is elevated. Recently, antibodies to the
human D, receptor have become commercially available which make addressing this
issue feasible. In addition, the identity of the proteins which bind to the CRE-like
elements and the 5°-UTR intron should be determined. If they are novel proteins. then
characterization of these proteins should be attempted. The 3°-UTR and 3"-flanking
regions of many gencs participate in gene regulation, therefore. these regions should be
studied in order to determine il additional regulatory clements reside in these
downstream regions ol the D4 receptor gene. Finally translational regulation appears
to be an important component of the Dy, receptor expression. Issues which should be
addressed include the relevance of the upstream AUG condons. whether the 5°-sORFs
are translated and if so what effects they have on the translation of the downstream
receptor cistron. Studies on the regulation of the Dy 4 receptor synthesis at the level of
gene transcription and translation are fundamentally important because understanding
how the D) 4 receptor gene is regulated is essential to the development of novel
antihypertensives. Future studies will provide further insight into the regulation of the

renal Dy, receptor expression at the level of gene transcription and translation.
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IX. G. Conclusions

The renal D4 receptor gene is regulated through transcriptional and post-
transcriptional mechanisms during desensitization. Dopamine simultaneously
decreased the stability of the D, receptor mRNA and increased transcription in what
may be an autoregulatory mechanism to prevent a complete loss of D, receptors.
Functional analysis of the 5’-tflanking and 5’-untranslated regions identified an area -
303 to -165 as being functionally important. This region is distinct from the activating
region of the human D4 receptor gene expressed in neuroblastoma cells. The -303 to -
165 sequence contains an element that is responsible for cAMP-responsiveness Dy
receptor gene, however, this response is context and orientation dependent. Two CRE-
like elements 3 bascs apart were identified within this region and were shown to
moderately increase transcription of a heterologous promoter in an orientation
independent manner. These CRE elements are dependent on additional cis-elements to
mediate cAMP response. The 3’-CRE is essential to basal activity of the D, receptor
gene expression and likely to associate with a protein other than CREB. This site is
highly conserved across species and may be important in regulating transcription of the
human and rat D, promoters as well. GMSA and footprinting assays indicated AP-2.
Spl, CREB/ATF, Egr-1, E-box sites bound LLC-PK, nuclear proteins and puritied

AP-2 and Spl in a specific manner.

Deletion of the majority of the 5’-UTR (+39/+962) or the upstream sequence (-
303/+52) suggested that an interaction is required between upstream and downstream
cis-elements. Regulation of the D, receptor gene involves the small 97 bp 5°-UTR
intron. Footprinting and GMSA demonstrated that LLC-PK, nuclear proteins primarily

bound to the 3 portion of the intron. This arca of the intron contains a TGGCA
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binding site, a tandem repeat, an inverted repeat and a purine/pyrimidine tract which
may be involved in the protein interactions. The activity of the intron is context
dependent and relies on spatial arrangements and therefore can not be classified as a
positive or negative regulatory element. A novel mechanism for regulating expression
of the D, receptor gene in renal cells is proposed in which interactions between the 5°-
flanking region (-303 to -63) and the 5’-untranslated intron (+430/+527) are necessary
for optimal transcriptional activation. These results are the first to demonstrate the
involvement of a 5°-UTR intron in the transcriptional regulation of a G-protein coupled

receptor gene through interactions with the promoter.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



143

Figurc 27: Comparison of sequence of porcine, rat and human D, , -

receptor genes containing CRE-like elements.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



-194
-179
-222

@ET@
3|AC ClT
eificc

.Q»G;Q

¥

T'etien
i

558

3

e
T/

N
o
Holalc

113

{1

Xy

,,'..,f
3
s
.G

3'-CRE-like

A CIGIT:(
GH%"v ]
RGRCGTCC

I

Gie

G <

5'-CRE-like

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

144



‘uoissiwiad noyum pangiyosd uononpoldal Joyung "1dumo WBuAdoo ay) Jo uoissiwiad yum psonpoidey

Table 1
Genomic organization of G-protein coupled receptors containing 5°'-UTR Intron(s).

Receptor Species TATA §'-UTR Coding Size S'UTR (Kb) Multiple 5'- AUG  Sccond Messenger
box Intron Region Intron Codons System
Al udenosine hunian no 4 | <1,>2, 0.354, 0.351 yes ) AC
AT angioiensin humun yes 2 - 8.3, >5%9 yes +) PLC
AT2 angiotensin human yes 2 - 0.150, 1.2 yes (+)PLC
BK?2 Bradykinin nt no 3 ] >21, 1.8, 0.211 yes (+)PLC
DIA dopamine human no 1 - 0.116 yes (+) AC
DIA dopamine i no | - 0.115 yes (+) AC
DI1A dopamine porcine no 1 - 0.097 yes (+) AC
DIB dopamine human no 1 - 0.155 0r 0.179 yes (+) AC
P2 dopumine Rl no | 6 25 yes (-)AC
Endothelin-A humian no 1 6 4 yes (-) AC
Nevropeptide Y-Y1 huiman no 3 6.4 yes )AC
Platlet activating factor haman no } - 16 yes (+)PLC
Thromboxane A2 human no { 1 6.3 yes (+)PLC
Oxylocin human yes il l 0.639, 0.166 yes (+)PLC
Oxylocin mt no ] 1 0.097 yes (+)PLC
M1 muscarinic nt n.a. >l - 0.073 n.a. (+)PLC
M2 muscarinic human n.a. >l - 0.148 n.a. (-)AC
M3 muscarinic it n.au. =l - 0.733 n.a. +)pLe
M4 muscaninic human no 2 0.8, 4.4 yes (-)AC
MS muscaninic n na. =1 0.374 ., ) Le

AC: adenylyl cycluse, PLC: phospholipase C, n.a.: data not availuble

ST
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Figure 28: Model of the porcine D,, gene promoter. A, a schematic representation of
the D5 receptor gene 5’-flanking region with the relative position of binding sites for a
variety of transcription factors based on analysis of the 5’-flanking porcine sequence
(37). Also shown schematically is the presence of unspecified intron binding proteins
(IBP) binding to the area of the 5°-UTR intron. B, possible formation of hairpin-like
loops within the D, 5 receptor gene to bring the downstream IBPS in proximity to the
upstream transcriptional machinery. c, possible loop formed by twisting of the DNA
within the D, receptor gene to bring the downstream IBPs in proximity to the
upstream transcriptional machinery. Abbreviations: AP-2, activator protein 2; CRE,
CAMP responsive element binding protein, E, E-box; EGR, early growth response

factor; TAF, transcription associated factors.
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