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ABSTRACT: The expression of proenkephalin (proENK)
mRNA and Met-enkephalin (ME) secretion in C6 rat glioma
cells and bovine adrenal medullary chromaffin (BAMC) cells
were elucidated in the present study. The levels of proENK
mRENA and ME secreted into the media in BAMC cells were
measured in the presence of cycloheximide and 12-tetrade-
canoylphorbol-13-acetate (TPA). Cycloheximide (20 uM)
abolished the induction of proENK mRINA expression, protein
synthesis and ME secretion by TPA (1 uM), indicating that
de novo protein synthesis was necessary for proENK gene
expression and ME secretion. In protein-RNA gel mobolity
retardation experiments, the induction of ENKCRE-2/AP-1
activity correlated well with the level of proENK mRNA indu-
ction. This ENKCRE-2/AP-1 complex could be inhibited by
a specific c-Jun antiserum and was supershifted by Fos family
of proteins. Furthermore, Western blot analysis suggests that
c-Jun and Fos-related antigens rather than c-Fos per se were
components of an ENKCRE-2/AP-1 complex. In C6 rat
glioma cells, proENK mRNA level and ME secretion were sti-
mulated by norepinephrine (10 uM) and markedly enhanced
by dexamethasone (1 uM), although dexamethasone alone
exihibited no significant increase in proENK mRNA and ME
secretion. In contrast, the stimulation of either proENK exp-
ression and ME secretion was not observed with a PKC acti-
vator, TPA, which stimulated the expression of c-Fos and c-
Jun mRNA and their proto-oncoproteins. In addition, an AP-
1 activity was induced by TPA. The results suggest that acti-
vation of proENK gene in Cé6 cells is probably mediated mai-
nly through the B-adrenergic agonist-elicited cAMP signal pa-
thway, and induction of AP-1 binding activities by TPA ap-
pear not to participate in gene activation. In conclusion,
proENK gene expression and ME secretion are differentially
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regulated in C6 rat glioma cells and BAMC cells; cAMP but
not PKC pathway plays an important role in rat C6 glioma
cells. However, in BAMC cells, both PKC and cAMP pathways
appear to be involved in the regulation of proENK gene exp-
ression and the secretion of ME.

Key words: Proenkphalin, Met-enkephalin, Gene expres-
sion, Secretion, Second messengers, Oncogene, Cé6 glioma
cells, Bovine adrenal medullary cells.

INTRODUCTION

Proenkephalin (proENK) mRNA and its protein products, and processed enke-
phalins are expressed in a wide variety of tissues including brain (Hughes et al.,
1975; Khachaturian et al., 1985), lymphoid cells (Zurawski et al., 1986; Monstein
et al.,, 1986; Roth et al., 1989), the adrenal gland (Suh et al., 1992a, 1992b, 1992
¢, 1993; Eiden et al, 1984; Quach et al., 1984), and germ cells (Yoshikawa et
al, 1989a, 1989b; Kilpatrick et al., 1990). This diverse tissue distribution of
proENK mRNA and enkephalins implies that these endogenous enkephalins can
function as neurotransmitters, neurohormones, or neuroimmunomodulators. The
expression of proENK mRNA and enkephalins is regulated by several signal trans-
duction pathways and by the cellular environment. The proENK appears to be
an important participant in ligand-mediated signal transduction events. In fact, the
activation of the proENK gene can be mediated through an increase in intracellular
cyclic AMP (cAMP) levels (Suh et al., 1993; Eiden and Hotchkiss, 1983: Yoshikawa
and Sabol, 1986a, 1986b), the activation of protein kinase C (PKC) (Yoshikawa
et al., 1989a), and the depolarization of voltage-dependent CA?" channels (Kley
et al., 1986; Naranjo et al., 1986; Siegel et al., 1985). These diverse ligand evoked
gene activations have prompted studies to uncover the molecular mechanisms un-
derlying the regulation of the proENK gene. Although several signal transduction
pathways are involved in the regulation of the proENK gene expression and ME
secretion, it is not well established whether the regulations of the proENK gene
expression and ME secretion are tissue specific or not. Therefore, in this paper,
the contrasting molecular mechanisms regulating proENK gene expression and
ME secretion in bovine adrenal mecullary chromaffin (BAMC) cells and C6 rat
glioma cells were emphasized.

Met-Enkephalin Secretion

ME, an opioid pentapeptide, is costored and coreleased with catecholamine in
the BAMC cells (Viveros et al., 1979; Livett et al., 1981). Although the physiologi-
cal function of ME in in the adrenal medulla is not fully understood, the regulation
of ME secretion has been extensively studied. For example, insulin-induced hypog-
lycemia or stress alters ME levels as well as proENK mRNA levels in the adrenal
medulla (Kanamatsu et al., 1986; Weisinger et al., 1990). In addition, increase
of ME release and proENK mRNA levels were seen after the treatment of chromaf-
fin cells with nicotine, arachidonic acid, PGE,, histamine or angiotensin 1I (Suh
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et al., 1992a, 1992b, 1993; Eiden et al., 1984; Wan et al., 1989, 1990a, 1990b;
Farin et al., 1990; Stachowiak et al.,, 1990, 1991). In addition to these secretago-
gues-induced ME secretion, recent studies have demonstrated that the secretion
of ME in BAMC cells is regulated by various second messengers. Calcium and
calmodulin, cAMP and protein kinase C (PKC) are the major second messengers.
For example, the treatment of chromaffin cells with a PKC activator such as 12-
O-tetradecanoyl-phorbol-13-acetate (TPA), or an adenyl cyclase activator such as
8-bromo-cyclic AMP or forskolin, increases the secretion of ME as well as proENK
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Figure 1. Time-dependent secretion of Met-enkephalin (ME} in BAMC cells (a) and C6 rat glioma
cells (b) treated with TPA. In BAMC cells, after the addition of control medium or TPA (1 uM) to
the media, 20 uM of cycloheximide (CHX) was added to the incubation media at 1, 5, and 9 hr
after TPA treatment. C6 rat glioma cells were pretreated with 20 uM of cycloheximide (CHX) for
30 min and either control medium or the medium containing TPA (1 uM) was added into the me-
dium. Incubation was terminated 20 and 24 hr in BAMC and C, rat glioma cells, respectively, after
TPA treatment. ME levels in the media or cells were measured by radioimmunoassay. Each time
point represents the mean of three sepresents the mean of three seperate experiments with triplicate
samples for each experiment.
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mRNA level (Suh et al., 1992¢, 1993; Farin et al.,, 1990; Eiden et al., 1984; Quach
et al., 1984). In addition, treatments with calcium channel blockers or with calmi-
dazolium, a calmodulin antagonist, effectively inhibit the increased secretion of
ME (Suh et al., 1992c, 1993; Stachowiak et al., 1987). In contrast to the effects
in BAMC cells, the secretion of ME in C6 glioma cells has not been well characteri-
zed. Figure la and b show the effects of long-term exposure of TPA on the secre-
tion of ME from BAMC cells and C6 rat glioma cells, respectiviely. In BAMC cells,
small amount of ME was secreted as early phase and profound ME release was
obserevd after 5, 9, and 12 hr whereas TPA had no significant effect on the secre-
tion of ME from C6 glioma cells. However, ME secretion in C6 glioma cells was
markedly increased in norpeinephrine (8-adrenergic agonist which stimulates ade-
nyl cyclase pathway) plus dexamethasone (a glucocorticoid agonist)-treated cell
medium during the time course of 10 to 24 hr as shown in Figure 2. The results
suggest that cAMP but not PKC is involved in the regulation of ME secretion in
C6 glioma cells. However, both cAMP and PKC are involved in the regulation
of ME secretion in BAMC cells. To assess if delayed ME secretion induced by each
drug was dependent upon protein synthesis, the temporal effect of cycloheximide
(a protein synthesis inhibitor) on the ME secretion in BAMC cells and C6 glioma
cells were also investigated. The cycloheximide (20 ug) was added 1, 5, and 10
hr after treatment of BAMC cells with TPA and 30 min before the treatment with
norepinephrine plus dexamethasone in C6 glioma cells. The posttreatment of
BAMC cells with cycloheximide effectively inhibited the secretion of ME induced
by TPA in BAMC cells in proportion with time incubation (Figure 1a), suggesting
that continuous protein synthesis is required for long-term ME secretion. In C6
glioma cells, pretreatment with cycloheximide inhibited secretion of ME induced
by norepinephrine plus dexamethasone (Figure 2). Additionally, because cyclohe-
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Figure 2. Time-dependent secretion of Met-enkephalin (ME) in C6 rat glioma cells treated with
norepinephrine plus dexamethasone. C6 rat glioma cells were pretreated with 20 uM of cyclohexi-
mide (CHX) for 30 min and either control medium or the medium containing norepinephrine (10
M) plus dexamethasone (1 uM) was added into the medium. Incubation was terminated 24 hr after
TPA treatment. ME levels in the media were measured by radicimmunoassay. Each time point repre-
sents the mean of three seperate experiments with triplicate samples for each experiment.
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Table 1. Met-enkephalin (ME) secretion in BAMC cells and C6 rat glioma cells.

BAMC Cells C6 glioma Cells C6 glioma Cells
Drug used TPA TPA NE®+DEX®
ME Secretion Yes No Yes
CHXC effect on Me secretion Inhibition - Inhibition

¢ indicates norepinephrine. * indicates dexamethasone. ¢ indicates cycloheximide

Table 2. Proenkephalin (ProENK) mRNA regulation in BAMC cells and C6 rat glioma cells.

BAMC Cells C6 glioma Cells C6 glioma Cells
Drug used TPA TPA NE®+DEX?
ProENK mRNA level Increase No change Increase
CHXC effect on proENK mRNA Inhibition - No inhibition
Intracellular ME precursor Level Increase — Slight increase
CHX effect on precursor level Inhibition — -
Induction time of proENK mRNA 5~7 hrs - 2~3 hrs

¢ indicates norepinephrine. ® indicates dexamethasone. ¢ indicates cycloheximide.

ximide also inhibited basal ME secretion, on-going protein synthesis may also be
involved in basal ME secretion. The results of the ME secertion regulation in BAMC
cells and C6 rat glioma cells were summarized in Table 1.

The Regulation of Proenkephalin Gene Expression

The effects of TPA and norepinephrine plus dexamethasone on proENK mRNA
in BAMC cells and C6 rat glioma cells are summarized in Table 1. TPA in BAMC
cells and norepinephrine plus dexamethasone in C6 glioma cells increased the
level of proENK mRNA. However, long-term treatment of C6 glioma cells with
TPA did not affect proENK mRNA level, suggesting that PKC pathway plays an
important role in the regulation of proENK gene expression in BAMC cells but
not in C6 glioma cells. The onset time for the induction of proENK mRNA is also
different in BAMC cells and C6 glioma cells. Five to 7 hrs in BAMC cells and
2 to 3 hrs are required for an increase of proENK mRNA level. In the Western
immunoblot, long-term treatment of BAMC cells with TPA increased intracellular
level of precusor of ME, proenkephalin. However, no obvious increase in intracel-
lular levels of proenkephalin in norpeinephrine plus dexamethasone-as well as
TPA-treated C6 glioma cells. Using the radioimmunoassay technique, it was found
that a slight increase by norepinephrine plus dexamethasone in proenkephalin
and ME immunoreactivities in C6 glioma cells. These results and the fact that a
marked increase of proenkephalin and ME immunoreactivities were found in cul-
ture medium suggest that most of proenkephalin newly synthesized by norepine-
phrine plus dexamethasone in C6 glioma cells are secreted into the media. Simila-
rly, it has been demonstrated that astrocytes cultured from neonatal rat brain sec-
reted mainly proenkephalin into the medium where it was subsequently cleaved
to smaller peptide products (Batter et al., 1991). The increases of proENK mRNA
and precursor levels induced by TPA in BAMC cells are also cycloheximide depen-
dent, suggesting that protein synthesis is required for the induction of proENK



200

Table 3. The effect of TPA on protooncogenes in BAMC cells and C6 rat glioma cells

BAMC Cells C6 glioma Cells
Drug used TPA TPA
c-Fos mRNA or c-fos protein Increase Increase
CHX? effect on c-fos mRNA - Prolonged
CHX effect on c-fos protein No inhibition Inhibition
c-Jun mRNA or c-jun protein Increase Increase
CHX effect on ¢-Jun mRNA — Prolonged
CHX effect on c-jun protein Inhibition Inhibition
Fra protein Increase Increase
CHX effect on Fra protein Inhibition Inhibition
Transcription factors AP-1 incerase AP-1 increase
CHX effect on AP-1 1 binding Inhibition Inhibition

“indicates cycloheximide.

mRNA and proenkephalin in BAMC cells. However, no inhibition of proENK
mRNA level by cycloheximide in C6 glioma cells was observed, implying that the
stimulation of proENK mRNA was independent of de novo synthesis, and hence
mediated by preexisting proteins.

The Role of Proto-Oncogenes in the Regulation of Proenkephalin Gene
Expression

Molecular analyses of the human proENK gene defined a cluster of responsive
elements, namely, ENKCRE-1, ENKCRE-2, AP-2, and AP-4, involved in gene re-
gulation (Comb et al., 1988a; Hyman et al., 1989). The transcriptional regulatory
regions of the proENK gene display an extremely high degree of interspecies se-
quence conservation between humans (Hyman et al., 1989; Comb et al., 1983),
rats (Kilpatrick et al., 1990; Rosen et al., 1984; Joshi and Sabol, 1992), and cows
(L. MacAuthor and L. E. Eiden, personal communication). By DNase footprinting
technique, a protein factor named ENKTF-1 from C6 rat glioma cells bound to
the human ENKCRE-1 element (Comb, 1988b). Additionally, transfection studies
demonstrated that the ENKCRE-2 element functioned independently of other nei-
ghboring auxiliary elements (Comb et al.,, 1986; Kobierski et al., 1991) and respo-
nded to activation by cAMP and phorbol esters (Comb et al, 1986). However,
the other auxiliary elements functioned to augment the activity of the ENKCRE-
2 element (Hyman et al., 1989). Furthermore, Yoshikawa et al. (1989a) reported
that both the TPA and forskolin (an activator of adenylate cyclase) could markedly
elevate the level of proENK mRNA in cultured peritubular cells prepared from
the rat testes. Similarly, in a primary culture of BAMC cells, the synthesis of
proENK mRNA and its protein was stimulated by TPA and forskolin (Suh et al.,
1992¢, 1993; Kley, 1988). Oligonucleotide probe containing AP-1, CRE, ENK-
CRE-1, ENKCRE-2, kB and AP-2 motifs was used to perform protein-DNA hand
shift assays. In conjunction with the Western immunoblot technique, it was attemp-
ted to determined which transcription factors were involved in the regulation of
proENK gene in BAMC cells and C6 rat glioma cells.

In BAMC cells, AP-2 and CRE DNA binding activities were detectable and ap-
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peared not to be inducible (data not shown), although AP-2 binding activity could
be demonstrably enhanced by TPA and agents that elevated cAMP levels in HelLa
cells (Imagawa et al., 1987). When ENKCRE-2 and AP-1 oligonucleotide probes
were used, the electrophoretic mobility shift assay (EMSA) results revealed that
the ENKCRE-2 element behaved like an AP-1 element rather than like a CRE
element, although ENKCRE-2 has been demonstrated to function like either an
AP-1 or a CRE element (Comb et al,, 1988a). The functional similarity between
AP-1 and ENKCRE-2 elements could be further sustained by the findings that
AP-1 and ENKCRE-2 binding activities, but not CRE binding activity, could be
inhibited by an antiserum against Fos family antigens. In competition study, AP-
1 oligonucleotide effectively blocked ENKCRE-2-DNA binding activity. In contrast,
ENKCRE-2 oligonucleotides could not efficiently eliminate AP-1 binding activity.
Interestingly, we also found that CRE oligonucleotides were able to block ENK-
CRE-2-DNA binding activity, but not the converse. This is probably due to the
fact that the ENKCRE-2 element basically harbors an imperfect consensus seque-
nce for AP-1 and CRE elements. Although there is only one nucleotide difference
between the AP-1 and CRE elements, these two elements intrinsically function
specifically; no cross-competition between these two elements was observed. The
inducibility of ENKCREZ2/AP-1 binding activity was inhibited by cycloheximide.
The Western immunoblot assays were performed using specific antisera against
c-Jun and Fos family antigens. Three proteins were identified with molecular wei-
ghts of 60, 42 and 32 kDa. This protein profile is very similar to that found in
an in vivo study in which AP-1 activity was elevated in mouse brain during metra-
zole-induced seizures (Sonnenberg et al., 1989a and 1989b). Basiclly, TPA-elicited
induction of the 60 kDa protein was enhanced by cycloheximide. Thus, this protein
is characteristic of an immediate-early antigen, the c-Fos protein (Sonnenberg et
al., 1989a and 1989b). In contrast, the other two smaller Fos-related antigens (42
and 35 kDa) were regulated by TPA and cycloheximide. Induction of c-Jun protein
synthesis could also be seen with TPA although to a lesser extent compared to
Fos family proteins. Similar to Fra proteins, c-Jun induction was inhibited by cyclo-
heximide if this inhibitor was present no later than 5 hr following the addition
of proENK modulator. Nevertheless, the induction of ¢-Jun correlated with AP-1
binding activity and the elevation of proENK mRNA and polypeptide. Furthermore,
the EMSA experiments demonstrated that AP-1 binding activity could be altered
by anti-Fos and anti-c-Jun sera. Taken together, c-Jun and Fra proteins appear
most likely to be the critical determinant factors of the ENKCRE-2/AP-1 complex
that act together to activate the proENK gene.

In C6 rat glioma cells, TPA induced a remarkable elevation in c-Jun and c-Fos
mRNAs although TPA did not affect the proENK mRNA level. Additionally, the
Western blot analysis indicates that TPA-mediated induction of the proto-oncopro-
teins, c-Fos (55 kDa) or Fra (36 kDa) and c-Jun (39 kDa), that can form a complex
to bind the AP-1 motif (Lee et al., 1987; Sonnenberg et al., 1989a and 1989b)
was entirely blocked by cycloheximide. Furthermore, the EMSA results showed
an inducible AP-1 binding activity but little ENKCRE-2 or CRE-binding activity
for TPA-treated C6 nuclear proteins; this AP-1 binding activity was also inhibited
by cycloheximide. These results indicated that the induction of c-Fos, Fra, and
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c-Jun proteins was attributable to the increase in AP-1 activity. The rat proENK
enhancer/promoter region contains a kB-like domain named B2, and transfection
studies revealed that the B2 region was up-regulated by the induction of NF-kB
DNA-binding activity by concanavain A plus TPA in a human leukemic T cell line,
Jurkat cells (Rattner et al., 1991). Although an inducible nuclear NF-kB binding
activity was found in the nucleus of C6 glioma cells after treatment with TPA plus
cyclohiximide. However, no stimulation of proENK mRNA expression was seen.
This suggests that, in contrast to BAMC cells, induction of the AP-1 complex (c-
Fos or Fra and c-Jun) and the NF-kB factor appeared not to participate in the
activation of the rat proENK gene in C6 cells.

Dexamethasone was demonsrated to potentiate the stimulatory effect of norepi-
nephrine on proENK mRNA expression (Yoshikawa and Sabol, 1986a). However,
it was not detectable any GRE-binding activity in either the nuclear fraction or
the cytoplasmic compartment in C6 cells treated with norepinephrine plus dexa-
methasone, even with dexamethasone in the EMSA mixture to transform the inac-
tive glucocorticoid receptor molecule into the active species (data not shown). This
raises as to whether the rat proENK gene contains any GRE responsible for aug-
mentation of the gene activity. A search of the rat proENK gene and 5’-flanking
region (Kilpatrick et al., 1990; Rosen et al.,, 1984; Joshi and Sabol, 1991) for
sequences resembling the positive GRE consensus sequences did not reveal any
good matches in the 5'-flanking region, three GRE-like sequences were found in
intron A (Joshi and Sabol, 1991). The studies with proENK/CAT (chloramphenicol
acetyltransferase) chimeric genes failed to demonstrate a strong positive GRE, or
even one cooperating positively with the cAMP-inducible enhancer, within 5800
bp of the 5'-flanking sequence, exon 1, or intron A of the rat proENK gene (Joshi
and Sabol, 1991). Nevertheless, several reports demonstrated that glucocorticoid
agonists (dexamethasone and triamcinolone) stimulated the expression of S-adre-
nergic receptor mRNA and its receptor number in hamster cells (Collins et al.,
1988; Hadcock and Malbon, 1988; Malbon and Hadcock, 1988); the increase
in receptor number was found to correlate well with the activation of adenyl cyc-
lase activity (Collins et al., 1988). Furthermore, molecular studies (Malbon and
Hadcock, 1988) inferred that GRE motifs in the 5'-noncoding regions of the hams-
ter B-adrenergic receptor gene are obligate for glucocorticoid regulation of recep-
tor mRNA levels. It remains to be explored whether similar observations can be
found in rat C6 glioma cells in which dexamethasone potentiates the activation
of the proENK gene induced by norepinephrine. The results of the regulation of
proto-oncogenes by TPA in BAMC cells and C6 rat glioma cells were summarized
in Table 3.

CONCLUSION

The stimulation of proENK mRNA expression and ME secretion in the C6 rat
glioma cells is mediated through the cAMP-dependent signal pathway and proba-
bly not through the PKC-dependent pathway. However expression of proENK
mRNA and ME secretion could be stimulated by both PKC-and cAMP-dependent
pathways in BAMC cells. In addition, Fos-related antigenes (Fra) but not c-Fos
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per se form a complex with c-Jun that transactivates the proenkephalin gene in
BAMC cells.
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