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Decreased TRH Recevtor mRNA Activitv Precedes 
Homologous  ownr red at ion: Assay in 0ocy-tes 

Ligand-induced decrease in cell-surface receptor number (homologous downregula- 
tion) is often due to rapid receptor internalization. Thyrotropin-releasing hormone 
(TRH), however, causes a slow downregulation of TRH receptors (TRH-Rs), with a 
half-time of approximately 12 hours, in GH3 rat pituitary cells. The mechanism of 
TRH-R downregulation was studied by monitoring TRH-evoked depolarizing cur- 
rents in Xenopzts oocytes injected with GH3 cell RNA as a bioassay for TRH-R 
messenger RNA (mRNA) activity. In GH3 cells, TRH caused a rapid decrease in 
TRH-R mRNA activity to 15 percent of control within 3 hours. Because the half-life 
of TRH-R mRNA activity in control cells was approximately 3 hours, the rapid 
decrease in mRNA activity was not due to inhibition of mRNA synthesis alone and 
may represent a post-transcriptional effect. 

ODULATION OF CELL-SURFACE 

receptor number is an important 
mechanism of cell regulation. The 

number of available receptors on the cell 
surface may be decreased by ligand occupan- 
cy (homologous downregulation) that in 
many instances is caused by rapid receptor 
internalization (1). Thyrotropin-releasing 
hormone (TRH) downregulates the nurn- 
ber of TRH receptors (TRH-Rs) on anteri- 
or pituitary cells (2,3). The molecular mech- 
anism that mediates regulation of TRH-R 
number is unknown but does not appear to 
involve rapid receptor internalization (4). 
The intracellular messengers that mediate 
TRH stimulation of hormone secretion, 
which include 1,2-diacylglycerol, inositol 
1,4,5-trisphosphate, and calcium ion [for 
review, see (5)], map mediate TRH-R regu- 
lation. GH3 rat pituitary tumor cells are an 
excellent model for study of TRH-R regula- 
tion, and variant clones that have few, if any, 
TRH-Rs (4) are available. 

In Xenopus ooqTes, muscarinic agonists 
cause membrane electrical responses consist- 
ing mainly of depolarizing chioride currents 
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[for review, see ( 6 ) ] .  Muscarinic agonist 
stimulation of chloride currents is mediated 
by an elevation of intracellular calcium 
caused by inositol 1,4,5-trisphosphate (7, 
8). Hence, muscarinic responses in Xenvpus 

Fig. 1. Typical responses to TRH in Xenopus 
oocytes ~njected with RNA from GH3 or GH-Y 
cells. (A) Oocyte injected with 320 ng of GH3 cell 
RNA. (B) Oocyte injected with 20 ng of GH3 cell 
RNA. (C) Oocyte injected with 20 ng of po- 
ly(A)+ GH3 cell RNA and 100 ng of carrier 
transfer RNA (Escherichia coli, Boehringer Mann- 
heim). (D) Oocyte injected with 140 ng of RNA 
from GH-Y cells. Assays were performed 48 
hours after injection. TRH (1 a, light arrow) 
or 0.1 ACh (heavy arrow) was added for 1.5 
minutes. For the preparation of oocytes, denuded 
oocytes were prepared as described by Dascal et 
al. (12). Oocytes were maintained at 20°C in 70% 
L-15 medium containing penicillin G (50 ygirnl) 
and 0.5 mM theophylline. For the preparation of 
total cytosolic RNA, cells were harvested with 
0.02% EDTA, and washed three times with ice 
cold BSS (NaCI, 135 mM; KCI, 4.5 mM; glu- 
cose, 5.6 mM; CaC12, 1.5 mM; MgC12, 0.5 mM, 
and Hepes, 25 mM, pH 7.4). The cell pellet was 
resuspended in ten volumes of hypotonic lysis 
buffer (NaC1, 10 mM; MgC12, 1 mM; and tris- 
HCI, 10 mM, pH 7.4), kept on ice for 20 
minutes. and vortexed three times for 1 minute 
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oocytes and T R H  responses in GH3 cells 
appear to be mediated by identical mecha- 
nisms. We reasoned, therefore, that RNA 
from GH3 cells containing messenger RNA 
(mRNA) for TRH-Rs could be injected 
into Xenvpus oocytes and translated, and 
when the TRH-Rs are inserted into the 
surface membrane, they could be monitored 
as acquired responsiveness to TRH. Injected 
oocytes could be used as a bioassay of TRH- 
R mRNA activity to study the mechanism 
of TRH-induced receptor downregulation. 

In oocytes injected with total cytosolic 
RNA from GH3 cells (120 to 400 ng per 
oocyte) and maintained under voltage 
clamp, TRH caused a marked membrane 
electrical response. Control oocytes (unin- 
jected) did not respond to T R H  (42 oocytes 
from ten frogs) but did respond to acetyl- 
choline (ACh) (9, 10). The response to 
TRH was often observed by 8 to 12 hours 
and was maximal 30 to 72 hours after RNA 
injection. A typical response to 1 pJ.4 TRH 
(Fig. 1A) consisted of a very large (range 

TRH / ---v-- 

at 5-minute intervals. After nuclei and debris were 
removed by centrifugation at 20008 for 10 minutes, the supernatant was diluted with four volumes of a 
solution containing eM guanidinium thiocyanate, 0.5% n-lauroylsarcosine, 100 mM mercaptoethanol, 
and 25 mM sodium citrate, pH 7, layered onto a 3-ml cushion consisting of 5.7M CsCl and 100 mM 
EDTA, and centrihged for 12 hours at 15°C in an SW41 rotor at 35,000 rpm. The RNA pellet was 
washed with cold 70% ethanol, dissolved in water, precipitated with ethanol, and again dissolved in 
water. Poly(A)+-enriched RNA was purified by oligo(dT) affinity chromatography (19). For the 
intracellular injections, RNA (120 to 400 ng in 20 to 50 nl) was injected. Electrophysiological 
measurements were performed on oocytes that were voltage-clamped at -60 to -80 mV (20) as 
described (10, 13). In a l l  experiments with GH3 cell RNA, more than 90% of injected oocytes 
responded to TRH. 
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300 to 2500 nA), rapid, and transient depo- 
larizing current that developed 20 to 30 
seconds after the beginning of exposure to 
TRH (denoted as D l T  by analogy to the D l  
response caused by ACh). This response was 
foliowed by a prolonged depolarizing cur- 
rent of much smaller amplitude, often ac- 
companied by very large superimposed cur- 
rent fluctuations. The resDonse to TRH was 
similar to the responses to serotonin and 
ACh in oocytes injected with mRNA from 
brain or heart (11, 12). Because the second 
depolarizing current was variable and was 
often obscured by current fluctuations, all 
quantitation was performed on the D l T  
component of the response. The magnitude 
of the response to TRH was dependent on 
the amount of RNA injected. Threshold 
responses (approximately 10 to 20 nA) were 
obtained when 20 ng of RNA was injected 
(Fig. 1B). Progressively larger responses 
were observed when the amount of RNA 
was increased from 20 to 320 ng; no in- 
crease was observed when more than 320 ng 
RNA was injected (Fig. 2). Responses simi- 
lar to those observed in ooc$es injected 
with total cytosolic RNA were observed in 
oocytes injected with RNA enriched for 
polyadenylated [poly(A) +] species from 
GH3 cells (Fig. 1C). These data demon- 
strate the validity of the oocyte system for 
quantitative assay of TRH receptor mRNA 
activity. 

We tested a variant GH3 cell clone (GH- 
Y) (4) that had no detectable TRH-Rs. In , \ ,  
oocytes injected with cytosolic or poly(A)+ 
RNA from GH-Y cells, there was no re- 
sponse to TRH (three experiments on two 
separate RNA oocytes inject- 
ed with GH-Y cell mRNA showed the usual 
intrinsic response to ACh (Fig. 1D). These 

Total GH, cell RNA injected (pg per oocyte) 

Fig. 2. Effect of injecting increasing amounts of 
cytosolic GH3 cell RNA into Xenopw oocytes. 
Oocytes were injected with 20 to 480 ng of GH3 
cell RNA and assayed as described in Fig. 1. 
Results were normalized as percent of maximal 
response (602 and 1015 nA in two experiments). 
Bars represent the SEM. The numbers denote the 
number of oocytes per data point. 

data suggest that GH-Y cells lack TRH-Rs 
because they are deficient in mRNA activity 
that encodes a functional TRH-R. 

The oocyte system was used to study 
homologous downregulation of TRH-R 
number. GH3 cells were grown for 1 to 48 
hours in the presence of 1 IJ.M TRH. TRH- 
R number was measured in GH3 cells, and 
TRH-R mRNA activity was assayed in oo- 
cytes. For these experiments, 130 to 150 ng 
of cytosolic RNA was injected into oocytes 
of the same batch to monitor changes in 
mRNA activity most sensitively (Fig. 2). As 
described (2 ) ,  TRH caused a time-depen- 
dent decrease in TRH-R number in GH3 
cells that was half-maximal after 12 hours 
and reached a new steady state (approxi- 
mately 30% of control) after 30 hours (Fig. 
3). In contrast to the continuous decrease in 
TRH-R number until a new steady state was 
attained, the effect of TRH on TRH-R 
mRNA activity was complex. TRH caused a 
rapid decrease in TRH-R mRNA activity, 
which reached a nadir of approximately 
15% of control between 3 and 6 hours. This 
was followed by an increase to approximate- 
ly 50% of control mRNA activity by 12 
hours, and this level was maintained for at 

least 48 hours (Fig. 3). Hence, TRH caused 
a rapid decrease in TRH-R mRNA activity 
that preceded the decrease in receptor num- 
ber. 

To determine if the initial rapid decrease 
in TRH-R mRNA activity was due to inhi- 
bition of transcription, we incubated GH3 
cells with actinomycin D (1  pglml), which 
inhibited RNA synthesis by more than 99%. 
Incubation of cells with actinomycin D for 3 
and 6 hours reduced TRH-R mRNA activi- 
ty to 55 * 11% (n = 5) and 26 * 4% 
(n = 4) of control (mean & SEM), respec- 
tively. These results indicate that the half-life 
of TRH-R mRNA activity is approximately 
3 hours. In contrast, at 3 and 6 hours of 
exposure to TRH, TRH-R mRNA activity 
was 1 5 * 6 %  ( n = 7 )  and 1 1 * 5 %  
(n = 3) of control, respectively. At 3 and 6 
hours, the effect of TRH was greater than 
that of actinomycin D (P  < 0.001 and 
P < 0.025, respectively). Hence, because 
virtually complete arrest of transcription did 
not mimic the effect of TRH, the rapid 
decrease in TRH-R mRNA activity appears 
to be mediated post-transcriptionally, at 
least in part. 

In summary, these data demonstrate that 

Time of exposure of GH3 cells to TRH (hours) 

Fig. 3. Effects of TRH on the number of TRH receptors on GH3 cells and on receptor mRNA activity 
assayed in Xenopus oocytes. For incubation of GH3 cells, cells (1.8 x 10" from the same passage were 
distributed equally into six flasks. TRH (1 was added for the indicated times before harvesting. 
For measurement of TRH receptor number, lo6 cells were used, and the binding assay was performed 
with 1 nM [3H]methyl-His-TRH (New England Nuclear) (2). Nonspecific binding, less than 5% of 
total, was determined with 0.5 p.M unlabeled TRH. Receptor number could be assayed with one 
concentration of [3H]methyl-His-TRH because TRH decreases receptor number without affecting 
affinity (2, 3) .  Assays for the measurement of mRNA activity were performed 48 to 72 hours after 
injection of 130 to 150 ng of EWA as described in Fig. 1. Results from four binding and eight receptor 
mRNA activity assay experiments were pooled and are presented as percent of control. The mean SEMs 
for the measurement of receptor binding and receptor mRNA activity were 3.2 t 0.67% and 
12 2 1.6%, respectively. 
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the downregulation of TRH-R number by 
T R H  is complex and involves at least two 
effects on TRH-R mRNA activity. T R H  
caused a rapid effect that appeared to involve 
post-transcriptional modification of TRH-R 
mRNA and a long-term effect that led to a 
new steady-state level of mRNA activity. 
This contrasts with reports in which ho- 
mologous regulation of plasma membrane 
receptors for interleukin-2 (13) and epider- 
mal growth factor (14) were associated with 
increased levels of receptor mRNA, even 
when receptor number was downregulated 
(15). At least two explanations for themech- 
anism of the TRH-induced decrease in 
TRH-R mRNA activity are possible. TRH 
may increase the rate of TRH-R mRNA 
degradation. This possibility cannot be as- 
sessed directly because a complementary 
DNA (cDNA) probe for TRH-R mRNA is 
not available. Alternatively, T R H  may cause 
a modification of TRH-R mRNA so that its 
activity is decreased; the modification would 
most likely be covalent because it persists 
during the RNA preparation, which would 
almost certainly dissociate any noncovalent- 
ly attached regulatory factor. The long-term 
effect of T R H  on receptor mRNA activity 
may be mediated by a different mechanism 
and may involve transcriptional or post- 
transcriptional effects, or both. 

These results show that receptor mRNA 
obtained from a defined and well-character- 
ized cell line can be translated. and the 
receptor can then be incorporated into the 
oocyte plasma membrane and coupled to a 
measurable biological response. Although 
mRNA obtained from a variety of tissues 
(16, 17) or from cDNA vectors (18) have 
been expressed in the oocyte, our experi- 
ments demonstrate expression of a plasma 
membrane receptor mRNA from a perma- 
nent, cloned cell line. This approach may be 
extended to the study of regulation of 
mRNA for other cell-surface receptors in 
other cell lines when probes for receptor 
mRNA are not available. 
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Epidermal Growth Factor-Dependent Transformation 
by a Human EGF Receptor Proto-Oncogene 

The epidermal growth factor (EGF) receptor gene EGPR has been placed in a 
retrovirus vector to examine the growth properties of cells that experimentally 
overproduce a full-length EGF receptor. NIH 3T3 cells transfected with the viral 
DNA or infected with the corresponding rescued retrovirus developed a fully trans- 
formed phenotype in vitro that required both functional EGPR expression and the 
presence of EGF in the growth medium. Cells expressing 4 x 10' EGF receptors 
formed tumors in nude mice, while control cells did not. Therefore, the EGPR 
retrovirus, which had a titer on NIH 3T3 cells that was greater than 10' focus-forming 
units per milliliter, can efficiently transfer and express this gene, and increased 
numbers of EGF receptors can contribute to the transformed phenotype. 

M OST ONCOGENES ARE ALTERED 

versions of evolutionarily con- 
served cellular genes that appar- 

ently subserve important -fimctions in-nor- 
ma1 growth and development (1). These 
normal genes are often called proto-onco- 
genes t; emphasize their gene;ic relation- 
ship to oncogenes. Oncogenes typically in- 
duce cellular transformation in vitro with 
high efficiency, while the proto-oncogenes 
from which they were derived are usually 
much less active. Many studies have demon- 
strated the tumorigenic potential of onco- 
genes, but the possible role of proto-onco- 
genes in tumor formation has been less 
completely documented. 

The epidermal growth factor (EGF) re- 
ceptor, which is the product of a proto- 
oncogene, enables cells to undergo DNA 
synthesis in response to either of the known 
physiologic EGF receptor ligands, EGF and 
TGF-a (2,3). The v-erbB oncogene of avian 
erythroblastosis virus encodes a truncated 
version of the EGF receptor (4). The onco- 
genic properties of v-erbB demonstrate that 
&I altdred EGF receptor can contribute di- 
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rectly to tumorigenesis. A potential role for 
normal EGF receptor in tumor formation 
has also been proposed, because increased 
numbers of apparently normal EGF recep- 
tors may be present in various human tu- 
mors and tumor cell lines, including the 
epidermoid carcinoma A431 cell line (5). 
However, the oncogenic potential of a full- 
length EGF receptor has not been demon- 

Fig. 1. Construction of the human EGF receptor 
retroviral genome. Restriction endonuclease sites: 
H,  Hind 111; S, Sac 11; Sm, Sma I; P, Pst I; X, 
Xho I; and B, Bam HI. The EGFR retroviral 
vector (pCO12-EGFR) was derived from pC06- 
HX, a construct in which the full-length Harvey 
murine sarcoma virus (Ha-MuSV) genome was 
cloned in pBR322 (11); the v-rasH gene is flanked 
by the long terminal repeat (LTR) and by 5' and 
3' untranslated regions. In pC06-HX, the viral 
Pst I site at nucleotide 1759 (20) has been 
redaced with an Xho I linker 121). To insert the 
~ G F R  cDNA, the entire coding region of p21 
vas (Sac 11-Xho I) was removed and replaced by 
the 4.2-kb fragment coding for the full-length 
hEGF receptor, derived from a pMMTV EGFR 
plasmid (6). The pC013-st was derived from 
pC012 by insertion of a universal translation 
terminator linker at a Sma I site at codon 220 in 
the EGFR cDNA; this construct therefore en- 
codes a nonfunctional protein. 
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