EPIDERMAL GROWTH FACTOR INDUCES TYROSINE
HYDROXYLASE IN A CLONAL PHEOCHROMOCYTOMA CELL

LINE, PC-G2

R. GOODMAN, E. SLATER, and H. R. HERSCHMAN

From the Department of Biological Chemistry, and the Laboratory of Nuclear Medicine and
Radiation Biology, UCLA School of Medicine, Los Angeles, California 90024

ABSTRACT

We have previously described the isolation of a clonal cell line (PC-G2) in which
the level of tyrosine hydroxylase (TH), the rate-limiting step in the synthesis of
the catecholamine neurotransmitters, is induced by nerve growth factor (NGF).
We now report that epidermal growth factor (EGF) also induces TH in the PC-
G2 cell line. Although EGF has been shown to be mitogenic for many cultured
cells, no neuronal function has been previously reported for this protein. The TH
response to EGF is elicited in a dose-dependent fashion at concentrations as low
as 0.1 ng/ml and is maximal at 10 ng/ml EGF. The maximal response is observed
after 3—4 d of exposure to 10 ng/ml EGF. The induction by NGF and EGF is
inhibited by their respective antisera. Dexamethasone, a synthetic glucocorticoid
which we have previously shown modulates the response of PC-G2 cells to NGF,

also modulates the TH induction elicited by EGF.
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We have recently described the isolation, from an
experimentally induced rat pheochromocytoma
tumor, of a clonal cell line (PC-G2) in which the
tyrosine hydroxylase (TH) levels are elevated in
the presence of nerve growth factor (NGF) (13).
The NGF-mediated induction of TH in the PC-
G2 cell line is similar in magnitude and in concen-
tration dependence to that seen both in vivo and
in organ cultures of rat superior cervical ganglia
(24, 31).

Male mouse salivary glands are by far the richest
source of NGF, and are the most common starting
material for the isolation of NGF. Epidermal
growth factor (EGF) is also found in high concen-
trations in this organ. In addition, the levels of
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both proteins are elevated after androgen admin-
istration (7, 28). However, EGF and NGF, despite
their common source and hormonal modulation,
have no sequence homology or serologic cross
reactivity (3, 29). Although little is known about
the physiological role of EGF, its effects on the
proliferation of cultured fibroblastic cells (8, 15,
27), as well as its induction of early tooth eruption
and eyelid opening (10), suggest that EGF may be
an important regulator of cellular proliferation
and/or differentiation.

To our knowledge, EGF and NGF have never
been reported to modulate a common biological
function. NGF is apparently necessary for the
development and maintenance of sympathetic
neurons (17, 21) and affects sensory neurons at
least during a limited period of the embryologic
development (17). EGF has been reported to be a
mitogen for a number of cultured cell lines (8, 15,
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27). EGF also elicits the expression of differen-
tiated function in several cell types in culture (6,
9, 18, 26, 30). We have now examined the effect of
EGF on the neuronal enzyme TH in the PC-G2
cell line, and find that EGF, at concentrations
above 0.1-1.0 ng/ml, causes a 5- to 10-fold in-
crease in the specific activity of this enzyme.

MATERIALS AND METHODS

The PC-G2 clonal cell line was isolated from a rat pheochro-
mocytoma tumor carried in New England Deaconess Hospital
albino rats (32). We have previously described the isolation of
this clone (13). PC-G2 cells are grown on complete RPMI 1640
medium containing 10% fetal calf serum (FCS). For all experi-
ments described in this report, the cells were subcultured at a
density of 5 X 10° cells/100-mm culture dish (Falcon Labware,
Div. of Becton, Dickinson & Co., Oxnard, Calif.). 24 h later, the
experimental agents were added to each dish; this time point is
“0-time.” All incubations were carried out for 4 d at 37°C in a
humidified atmosphere of 5% CO: in air, unless otherwise spec-
ified.

At the termination of all experiments the medium was re-
moved and the cells were scraped from the dish with a rubber
policeman into 1.0 ml of calcium and magnesium-free bicarbon-
ate-buffered saline. After centrifugation in a microfuge for 30 s,
the cells were washed with 1.0 ml of the same buffer. The pellet
was sonicated for 6 s in 0.3 ml of 5 mM Tris buffer, pH 7.4,
containing 0.1% Triton X-100. The TH enzyme activities were
determined according to the method of Levitt et al. (19), with
modifications described by Mueller et al. (23). The concentration
of the substrate L-tyrosine was 13.3 uM; the cofactor (6-methyl-
5.6.7.8-tetrahydropterine HCl) was 600 uM. Reagent mixtures
containing the Tris-Triton buffer instead of the enzyme prepa-
ration served as blanks. TH specific activities are expressed as
nanomoles dopa formed per hour per milligram total protein.
Protein was measured according to the method of Lowry et al.
(20). Cyanogen bromide (CNBr) cleavage was carried out as
previously described by Angeletti et al. (4). NGF and EGF,
dissolved in 70% formic acid, were reacted with a 30-fold molar
excess of CNBr for 24 h at 22°C. The reactions were stopped by
dilution with water followed by lyophilization.

EGF and NGF were purified from mouse salivary glands by
the methods of Savage and Cohen (28) and Mobley et al. (22),
respectively. The purity of both preparations was evaluated by
electrophoresis on both native and SDS acrylamide gels (27).
Antisera to NGF and EGF were prepared in rabbits. Dexameth-
asone and 6-methyl-5,6,7,8-tetrahydropterine HCI, A grade, were
purchased from Sigma Chemical Co. (St. Louis, Mo.). L-tyrosine
(ring 3,5-'H, specific radioactivity, 48 Ci/mmol) was purchased
from New England Nuclear (Boston, Mass.). Dexamethasone
was dissolved in 95% ethanol before use.

RESULTS
Dose Response for Induction of
TH by EGF in PC-G2 Cells

Exposure of PC-G2 cells to EGF results in a
dose-dependent increase in the specific activity of
TH. After exposure of PC-G2 cells to 10 ng/ml of
EGF for 4 d, the TH level was elevated fivefold
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over that of control cultures (Fig. 1). In similar
experiments, higher concentrations of EGF (up to
100 ng/ml) cause no further increase in the TH
levels (data not shown). Although the maximal
increase in TH occurred with 10 ng/ml of EGF,
significant elevation of TH specific activity could
be observed with as little as 0.1 ng/ml of EGF
(ie, 2 x 107" M EGF).

Time-Course for the Induction of
TH by EGF in PC-G2 Cells

PC-G2 cells were treated with 10 ng/ml of EGF
for varying lengths of time. After the time intervals
indicated in Fig. 2, EGF-treated and control cul-
tures were harvested and stored at —20°C for
assay. A significant increase in the specific activity
of TH was observed within 24 h of exposure of
the PC-G2 cells to 10 ng/ml of EGF. Shorter
times were not examined. Maximal TH stimula-
tion (eightfold in this experiment) required 4 d of
exposure to EGF.

Effect of CNBr Cleavage of NGF
and EGF on the Induction of
TH in PC-G2 Cells

In our previous report on the induction of TH
in the PC-G2 cells by NGF (13), we observed that
this induction occurred at concentrations of NGF
in the pug/ml (1077-107® M) range, i.e., concentra-
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FiGure | Concentration dependence of EGF-me-

diated induction of TH in PC-G2 celis. PC-G2 cells were
exposed to varying concentrations of EGF for 4 d.
Culture conditions are described in Materials and Meth-
ods. The cells were then harvested and assayed for TH
activity. The TH activity is expressed as nanomoles dopa
formed per hour per milligram protein. The TH activity
of the control cultures was 1.44 = 0.02 nmol dopa/h per
mg protein. Values are means +SEM of three cultures.
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FIGURE 2 Time-course of EGF-mediated increase in
TH in PC-G2 cells. PC-G2 cells were exposed to 10 ng/
ml EGF for varying time intervals beginning 24 h after
the cells were plated. Data are expressed as described in
Fig. 1. The TH activity of the “0-time” cultures was 1.12
+ 0.12 nmol dopa/h per mg protein. Values given rep-
resent the means +SEM of three cultures.

tions two to three orders of magnitude greater than
that necessary for maximal induction of TH in
PC-G2 cells by EGF (Fig. 1). Because of this large
difference in the concentrations of EGF and NGF
required for TH induction in PC-G2 cells, we
became concerned that the NGF induction might
be caused by a small contamination of our NGF
preparations by EGF, as both growth factors are
prepared from the same source. To determine
whether there was a minor contamination of the
NGF preparation by EGF, we cleaved each pro-
tein with CNBr and tested the CNBr-treated prep-
arations for their ability to induce TH in PC-G2
cells. The results of this experiment are shown in
Fig. 3. Treatment of EGF with CNBr results in
the total destruction of the EGF-mediated induc-

tion of TH in the PC-G2 cells. In contrast, CNBr -

treatment of NGF had no effect on the NGF-
mediated induction of TH in the PC-G2 cells.

Antibody Inhibition of EGF-Mediated
TH Induction in PC-G2 Cells

The induction of TH observed upon treatment
of PC-G2 cells with 10 ng/ml of EGF was totally
inhibited by antiserum to EGF (Fig. 4). Neither
normal rabbit serum nor antiserum to NGF in-
hibited the EGF-mediated TH induction. In ad-
dition, antiserum to EGF alone had no effect on
the TH levels in the PC-G2 cells. The NGF-me-
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diated induction of TH can be inhibited by anti-
NGF (13), but not by anti-EGF (Fig. 5). At higher
NGF concentrations (necessary to induce TH to
greater levels; reference 13), our antisera to NGF
were able to only partially absorb all of the induc-
tive activity because of the large quantities of NGF
required. However, EGF antiserum absorption
which was able to completely block threefold ele-
vations of TH by EGF (c.f. Fig. 4) had no effect
on NGF induction of TH to a comparable level
(data not shown). These serologic studies demon-
strate, as do the CNBr inactivation experiments,
that NGF induction of TH in PC-G2 cells is not
caused by a minor EGF contamination.

Dexamethasone Effect on TH
Induction by EGF

Preliminary experiments indicated that the non-
metabolized glucocorticoid, dexamethasone, was
maximally active at inducing TH in PC-G2 cells
at 107® M. This effect was variable, ranging from
zero to twofold (data not shown) stimulation of
TH. This variability may result from differences
in the steroid levels in the calf serum used in the
medium. To investigate the interactions between
glucocorticoids and EGF, we incubated PC-G2
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FiGURE 3 CNBr sensitivity of NGF- and EGF-me-
diated TH induction in PC-G2 cells. PC-G2 cells were
exposed to control medium (4), 5 ug/ml of NGF (B), 5
pg ml of CNBr-treated NGF (C), 10 ng/ml of EGF (D),
or 10 ng/ml of CNBr-treated EGF (E) for 3 d. The
cultures were then harvested and assayed for TH as
described in Materials and Methods. Data are expressed
as in Fig. 1. The TH activity in control cultures was 1.10
+ 0.01 nmol dopa/h per mg protein. Values given rep-
resent the means +SEM of three cultures.
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FIGURE 4 Inhibition by anti-EGF antibody of EGF-
mediated TH induction. PC-G2 cells were exposed to
control medium (4), 10 ng/ml EGF (B), NGF antibody-
treated EGF solution (C), EGF antibody-treated EGF
solution (D), or EGF incubated with normal rabbit
serum (E) for 4 d. The treatment of EGF with anti-EGF,
anti-NGF, and normal serum was carried out by incu-
bating 0.5 ml of EGF at a concentration of 1 ug/ml with
either 200 pl of anti-NGF antibody, 200 ! of anti-EGF
antibody, or 200 gl of normal rabbit serum for 1 h at
37°C and then 16 h at 4°C. This solution was then
centrifuged and the supernate was diluted 1:100 in con-
trol medium and added to the cultures. The solution of
EGF alone was incubated in the same way. The cells
were harvested and assayed for TH activity as described
in Materials and Methods. The TH enzyme activity in
control cultures was 1.52 + 0.02 nmol dopa/h per mg
protein. Values given represent the means +SEM of
three cultures.

cells with varying concentrations of EGF in the
presence and absence of dexamethasone. After 4
d of incubation, the cultures were harvested and
the specific activity of the TH was determined.
Regardless of whether the steroid alone increased
TH levels, we consistently observed an elevation
in TH at all concentrations of EGF, in the presence
of dexamethasone (Fig. 6).

DISCUSSION

EGF was originally discovered because of its in-
duction of precocious eye opening and incisor
eruption in neonatal mice (10). Its most studied
function, however, has been as a mitogen for cells,
in culture, of fibroblastic and epidermal origin (8,
15, 27). Recently, EGF has been reported to influ-
ence the differentiation of a number of cell types
in cell culture. EGF causes enhanced synthesis of
hyaluronic acid in human fibroblasts (16), induces
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ornithine decarboxylase synthesis in mouse fibro-
blasts (30), causes increased prostaglandin synthe-
sis by canine kidney cells (18), and controls the
expression of large external transformation-sensi-
tive protein in mouse fibroblast cells (9) and the
secretion of human chorionic gonadotropin by
cultured human choriocarcinoma cells (6).

Our laboratory has utilized EGF for a number
of studies of mitogenesis and receptor-ligand in-
teractions (1, 2, 12). We initially exposed PC-G2
cells to EGF under the assumption that EGF
would be a readily accessible, highly purified poly-
peptide growth factor serving as a negative control
for NGF induction of TH. We have previously
shown that insulin, a protein whose prohormone
has sequence homology to NGF, does not induce
TH activity in the PC-G2 cell line (13). To our
surprise, the PC-G2 cell line, which responds to
NGF by the induction of TH, responds in a similar
manner to EGF. Moreover, EGF was able to elicit
this response at a much lower concentration than
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FIGURE 5 EGF antisera do not inhibit NGF-mediated
TH induction. PC-G2 cells were exposed to control
medium (4), 100 ng/ml NGF (B), NGF which had been
treated with NGF antisera (C), EGF antisera (D), or
normal rabbit sera (E) for 4 d. The treatment of NGF
with antisera was carried out by incubating 1 ml of NGF
at a concentration of 10 pg/ml with 200 ul of NGF
antibody, 200 ul of EGF antibody, or 200 gl of normal
rabbit serum for 1 h at 37°C and then 24 h at 4°C. The
solution was then centrifuged and the supernate was
diluted 1:100 in control medium and added to the cul-
tures. The solution of NGF alone was incubated in the
same way. The cells were harvested and assayed for TH
activity as described in Materials and Methods. The
enzyme activity in control cultures was 1.48 + 0.02 nmol
dopa/h per mg protein. Values given represent the means
+SEM of three cultures.
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FIGURE 6 Dexamethasone augmentation of EGF-me-
diated TH induction. PC-G2 cells were exposed to vary-
ing concentrations of EGF (O) or to EGF plus 107* M
dexamethasone (@) for 4 d. The cells were then harvested
and assayed for TH activity as described in Materials
and Methods. The TH enzyme activity in control cultures
was 1.69 + 0.17 nmol dopa/h per mg protein. Values
shown represent means £SEM of three cultures.

NGF. An NGF concentration of 100 ng/ml (4 X
107° M) is required to elicit significant TH induc-
tion in PC-G2 cells; maximal TH induction re-
quires 5-10 ug/ml of NGF (13). These concentra-
tions of NGF are similar to those needed to elicit
TH induction in organ cultures of rat superior
cervical ganglia (25). EGF, however, at concentra-
tions as low as 0.1 ng/ml (2 X 107* M) (Fig. 1)
elicited a significant induction of TH enzyme in
PC-G2 cells. The TH activity was maximally stim-
ulated by 10 ng/ml EGF. This concentration of
EGF is the same as that required to obtain maxi-
mal mitogenic activity in cultured fibroblasts (27).
Growth of PC-G2 cells in the presence of either
NGF (1 pg/ml) or EGF (10 ng/ml) leads to a
modest (<50%) increase in final cell density. With
these concentrations, the induction of TH is much
greater with EGF than with NGF (Fig. | and
reference 13). These relatively small effects on cell
number suggest that the response is inductive
rather than selective. Moreover, removal of EGF
from the culture medium of confluent PC-G2 cells
is followed by a reduction in the specific activity
of TH.

The EGF-mediated TH induction occurs at a
concentration of EGF that was two to three orders
of magnitude lower than the minimal NGF con-
centrations. As both NGF and EGF are isolated
from male mouse salivary glands, we felt it nec-
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essary to rule out the possibility that the TH
induction in PC-G2 cells observed with NGF
preparations was caused by minor contamination
by EGF. Cohen and Savage (11) have reported
that CNBr cleavage of EGF totally abolishes the
EGF mitogenic activity in fibroblast cells in cul-
ture. In contrast, CNBr cleavage of NGF, which
results in the cleavage of a nonapeptide fragment
from the N-terminal end of 8-NGF, has no effect
on the biological activity of NGF (R. Bradshaw,
personal communication). CNBr cleavage of EGF
totally abolished the EGF-mediated TH induction
in PC-G2 cells; CNBr cleavage of the NGF prep-
aration did not affect its inductive capacity (Fig.
3). Thus, the induction of TH in PC-G2 cells by
NGF is caused by NGF, not by a minor contam-
ination by EGF. To further emphasize this result
we treated EGF and NGF preparations with the
homologous and heterologous antisera and ob-
served that inductive effects were inhibited only
by homologous antiserum (Figs. 4 and 5). TH
levels in PC-G2 cells are regulated by at least two
protein factors, NGF and EGF. Whether EGF
acts in vivo to modulate the activity of TH in the
sympathetic neurons remains to be seen. We are
currently carrying out studies to determine
whether the TH induction by EGF, observed in
the PC-G2 cell line, also occurs in vivo.

Glucocorticoids have been shown to alter the
NGF-mediated induction of TH observed both in
PC-G2 cells (13) and in organ cultures of rat
superior cervical ganglia (24, 25). Baker et al. (5)
have recently reported that glucocorticoids affect
the binding of EGF to EGF receptors in cultured
fibroblast cells. The elevation of TH by EGF in
PC-G?2 cells is also modulated in the presence of
the glucocorticoid dexamethasone (Fig. 6). As yet,
we do not know whether this effect is caused by
changes in the number of EGF receptors or in the
affinity of the receptors for EGF, or whether some
other mechanism is operative.

ADDENDUM

Huff and Guroff (1979, Biochem. Biophys. Res. Commun.
89:175-180) have recently reported that both NGF and
EGF induce ornithine decarboxylase in PC-12 cells,
another clone derived from the same experimental phe-
ochromocytoma as PC-G2. Long-term exposure, which
leads to extensive differentiation of PC-12 cells, reduced
the number of EGF receptors. These data also suggest a
potential role for EGF in the peripheral nervous system.
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