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Adipose tissue is a growth hormone (GH)-responsive tissue in which GH regulates energy metabolism. GH exerts its effect by 
interacting with its specific GH receptor (GHR). In rodents, alternative splicing of the nascent transcript from the GHR gene 
produces two major transcripts: GHR mRNA and GHR binding protein (GHBP) mRNA. These two transcripts share the common 
extracellular ligand-binding domain, but differ in the C-terminal sequence. Since GHR plays an important role in mediating the 
actions of GH in adipose metabolism, we initiated these studies to examine GHR gene expression in the course of mouse 
3T3-L1 preadipocyte-adipocyte conversion. GHR and GHBP transcripts were detected by RNase protection assay (RPA) using 
the antisense riboprobes complementary either to the specific sequence of the GHR Or to the sequence shared by both GHR 
and GHBP mRNAs. After stimulation of differentiation, mRNA abundance increased 28-fold and reached a maximal level by day 
7 of adipogenesis. The GHR mRNA:GHBP mRNA ratio was 1.1 +-- 0.12 and remained unchanged during differentiation. The 
decay rate for both mRNAs, estimated by treating the cells with actinomycin D, was approximately 24 hours and showed no 
significant difference between preadipocytes and adipocytes. Thus, GHR gene expression is dramatically upregulated during 
preadipocyte-adipocyte differentiation. 
Copyright © 1997 by W.B. Saunders Company 

G ROWTH HORMONE (GH) receptors (GHRs) mediate 
numerous biological actions of GH that are essential for 

postnatal growth and several metabolic processes. Two major 
products are generated from the GHR gene: a membrane-bound 
GHR 1 and a circulating soluble GHR binding protein (GHBP). 2 
In man and rabbit, GHBP is thought to arise by proteolytic 
cleavage of the GHR protein, resulting in the release of the 
extracellular hormone-binding domain into the circulation. 3 
However, in rodents, GHBP is generated by the alternative 
splicing of a single nascent transcript of the GHR gene at exon 7 
and exon 8a. 4 Thus, in rat and mouse, GHBP consists of a 
ligand-binding domain that is identical to the extracellular 
portion of the GHR, and a hydrophilic carboxyl-terminal 
domain unique to the GHBP with the absence of transmembrane 
and intraceliular domains of the GHR. 5,6 

Both GHR and GHBP are widely expressed in tissues such as 
the liver, kidney, muscle, and adipose tissue. In rat and mouse, 
both GHR and GHBP mRNAs are detected in adipose tissue. 7,s 
It is believed that both isoforms of the GHR gene product play 
an important role in mediating the actions of GH in adipose 
tissue. The short form of the rat GHR (GHBP) remains 
associated with the cell membrane, impficating a possible 
paracrine/autocrine physiological role of GHBP in many tissues 
where GHBP and GHR are coexpressed. 8-1° It has been well 
established that mouse GH stimulates lipolysis in adipose 
tissue? However, the regulation of GHR expression in these 
cells has not been examined. In this study, we determined the 
levels of GHR and GHBP mRNAs in the mouse fibroblast cell 
line 3T3-L1, which can differentiate into adipocytes under 
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certain experimental conditions.11 Cumulative data suggest that 
the induction of preadipocyte differentiation involves several 
second-messenger signaling pathways including the insulin-like 
growth factor-I (IGF-I)-activated tyrosine kinase pathway, the 
glucocorticoid pathway, the insulin-activated tyrosine kinase 
pathway, and the cyclic adenosine monophosphate-dependent  
protein kinase pathway. 12 GH induces preadipocyte differentia- 
tion and regulates lipid metabolism in these cells, possibly via 
the IGF-I pathway. 9,13,14 In this report, we demonstrate that both 

GHR and GHBP transcripts are significantly upregulated during 
differentiation, possibly due to increased expression of the GHR 
gene. 

MATERIALS AND METHODS 

Cell Culture 

3T3-L1 cells (American Type Culture Collection, Rockville, MD) 
were cultured in growth medium containing Dulbecco's modified 
Eagle's medium (DMEM) and 10% fetal bovine serum (FBS). Differen- 
tiation was initiated using the method of Berulohr et al. 15 Confluent 
cells were switched to differentiation medium (DMEM, 10% FBS, 1 
~tmol/L dexamethasone, I0 lag/mL insulin, and 0.5 mmol/L isobutyl 
methyl xanthine) for 2 days. Then, the cells were cultured in postdiffer- 
entiation medium (DMEM, 10% FBS, and 10 ~ag/mL insulin), and the 
medium was changed every other day. Using morphological criteria for 
triacylglycerol accumulation in the cytoplasm, differentiation was 
judged to be maximal (80% to 90% of the cells) by day 7. For inhibition 
of differentiation, 10 pmol/L retinoie acid (RA) was added to 3T3-L1 
cells with the differentiation medium. This concentration of RA has 
been previously shown to inhibit adipose conversion. ~6 After 48 hours, 
cells were switched to postdifferentiation medium alone. For measure- 
ment of mRNA stability, 10 ~tg/mL actinomycin D (Sigma, St Louis, 
MO) was added to the medium for 24 hours before RNA extraction. 
Addition of RA and actinomycin D did not affect cell viability 
determined morphologically. The cell number per plate was counted 
under a microscope after trypsinizing and trypan blue staining. 

RNA Extraction and Synthesis of  Complementary RNA Probes 

Total RNA was prepared from the cells using Tri-Agent-LS (MRC, 
Cincinnati, OH) and quantified by UV absorbance at 260 nm. Ten 
micrograms of total RNA was used in each reaction, and the assay was 
performed according to the manufacturer's protocol (RPA II kit; 
Ambion, Austin, TX). The plasmid containing the entire GHR cDNA 
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(2.2 kb) sequence was provided by Dr Frank Talamantes (University of 
California at Santa Cruz). 6 The GHR cDNA sequence is in the opposite 
orientation to the T7 promoter, and thus transcription with T7 RNA 
polymerase will synthesize an antisense riboprobe to the GHR mRNA. 
The most 3' end sequence was deleted by KpnI restriction enzyme 
digestion at position + 1259. The plasmid was linearized by restriction 
enzyme digestion at either the EcoRV site (+815, probe I) or the ApaI 
site (+650, probe II) (Fig 1) blunt-ended by Klenow treatment, and 
gel-purified using the QIAquick column (QIAGENE, Chatsworth, CA). 
The antisense probes (from + 1259 to +815 or to +650 of the mouse 
GHR cDNA) were generated using the T7 Maxiscript kit (Ambion). 
Probe I (478 nucleotides [nt]) contains the sequence complementary to 
the GHR sequence from +815 to +1259, and thus the protected 
fragment by GHR mRNA is 444 nt. Antisense probe II contains the 
sequence complementary to the GHR sequence from +650 to + 1269, 
including the 161 nt (+650 to +810) of the ligand-binding domain- 
encoding sequence shared by both GHR and GHBR Therefore, 
hybridization between the antisense probe II and GHBP mRNA 
protected a fragment of 161 nt (part of the ligand-binding domain) 
during RNase digestion, whereas hybridization of the same riboprobe II 
to GHR mRNA protected a 609-nt fragment coveting part of the 
ligand-binding domain, the transmembrane domain, and part of the 
intracellular domain. A 250-nt mouse [3-actin riboprobe (Ambion) was 
used as an internal standard in RNase protection assay (RPA). 

RPA 

RPA was performed using the RPAII kit (Ambion) according to the 
manufacturer's instructions. Total RNA (10 ~g) was hybridized to the 
gel-purified riboprobe (2 to 5 fmol) at 42°C overnight. Following 
digestion with RNase A and RNase T1, the protected riboprobe 
fragments were fractionated on a 6% urea-polyacrylamide gel. The 
probe was present in molar excess over the target RNA in the 
hybridization reaction. To normalize the loading variations, a 1-kb DNA 
fragment was end-labeled with 32p and added to the reaction mixture 
after RNase treatment. 32p-labeled RNAs of varying length transcribed 
from a mixture of DNA templates (Ambion) using T7 Maxiscript were 
used as size markers. The bands corresponding to the fragments 
protected by GHR, GHBP, or [3-actin mRNA were quantified using a 
phosphor imaging processor (Molecular Dynamics, Sunnyvale, CA), 
and the signal was normalized to the 1-kb DNA signal and expressed as 
arbitrary densitometric units. 
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Fig 1, Schematic representation of mouse GHR antisense probes 
and the protected fragments of GHR and GHBP mRNAs in RPA. 
Positions of GHR sequences are numbered relative to the translation 
start site ATG (+ 1 } according to  the published sequence. 4-6 Restriction 
sites used to prepare cDNA templates are indicated, 

RESULTS 

GHR mRNA Was Induced During Mouse 3T3-L1 Preadipocyte 
Differentiation 

To examine GHR gene expression during preadipocyte 
differentiation, 3T3-L1 preadipocytes were grown to confluence 
and then exposed to the differentiation medium for 2 days. After 
7 days, 80% to 90% of the cells were rounder and loaded with 
fat, consistent with differentiation to adipocytes. The cell 
numbers determined microscopically after trypsinizing and 
trypan blue staining were the same between confluent predipo- 
cytes and mature adipocytes. Total RNA determined by UV 
absorbance was threefold to fivefold more abundant in adipo- 
cytes than in preadipocytes. We measured the abundance of 
GHR mRNA using the antisense riboprobe I, which specifically 
detects the GHR mRNA. Figure 2A shows that the level of 
GHR mRNA started to increase after day 3 and reached the 
maximal level by day 7. The abundance of GHR mRNA was 
28-fold greater in adipocytes than in preadipocytes. In contrast, 
the 13-actin mRNA, an internal control, exhibited a slight 
decrease during the process. Thus, the expression of GHR gene 
is specifically upregulated during the process of preadipocyte 
differentiation. 

Induction of GHR mRNAs Was Blocked by RA 

RA has been shown to inhibit differentiation of 3T3-L1 
cells.16 Figure 2B shows that simultaneous treatment of preadi- 
pocytes with RA and differentiation medium dramatically 
inhibited the induction of GHR mRNA that was observed after 
exposure to the differentiation medium alone. The signal for 
control [3-actin RNA was not affected by the addition of RA 
(data not shown). This result suggests that the increased GHR 
gene expression is truly part of the differentiation program, and 
is not an artifact due to the addition of differentiation agents. 
The slight increase of GHR mRNA in the presence of RA may 
be due to the incomplete blockade by RA, since 10% to 20% of 
the cells still exhibited fat accumulation in the presence of 10 
~mol/L RA. 

Both GHR and GHBP mRNAs Were Induced During 3T3-L1 
Preadipocyte Differentiation 

Since GHR gene expression in the mouse generates both 
GHR and GHBP mRNAs, it was of interest to examine whether 
the GHBP mRNA exhibited a similar change during the process 
of preadipocyte-adipocyte conversion. To test this possibility, 
we designed a second RPA probe (antisense probe II) and 
measured the abundance of both mRNAs simultaneously. 
Figure 3 is a representation of the RPA gels showing a 609-nt 
fragment protected by the GHR mRNA and a doublet of about 
160 nt that represents the fragments protected by GHBP mRNA. 
As suggested by Ilkbahar et al, 17 the likely cause of the doublet 
is hybrid breathing at an A-U-r ich region at the junction of the 
ligand-hinding domain and the hydrophilic tail of GHBP 
mRNA. Both bands were considered to represent GHBP mRNA 
and were quantified together to assess the abundance of this 
transcript. The ratio of GHBP mRNA to GHR mRNA in the 
preadipocytes was 1.1 + 0.12 (mean _+ SE) and remained 
unchanged during differentiation, suggesting that the synthesis 
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of GHR and GHBP mRNAs increased at a similar rate. In 
addition, the abundance of GHBP mRNA also decreased to the 
same degree as GHR mRNA in the presence of RA (data not 
shown). 

Stability of GHR and GHBP mRNAs Did Not Change 
Significantly During Preadipocyte Differentiation 

One possible mechanism for the increased mRNA abundance 
is increased stability of mRNA in adipocytes. To examine 
whether the decay rate for GHR and GHBP mRNAs differs 
between preadipocytes and adipocytes, we treated both preadi- 
pocytes (day 0) and adipocytes (day 7) with actinomycin D (10 
~g/mL) to inhibit new RNA synthesis, and measured the 
abundance of GHR and GHBP mRNAs. After 24 hours of drug 
treatment, GHR mRNA decreased to 52% -+ 3.5% in preadipo- 
cytes and to 43% ~ 4.1% in adipocytes, and GHBP mRNA 
decreased to 43% _+ 3.8% and to 58% + 4.6% in preadipocytes 
and adipocytes, respectively (Table 1). Two-sample t test 
showed that the difference among these values is not statisti- 
cally significant. We did not attempt to treat the cells with 
actinomycin D for a longer period, due to the toxic effects of the 
drug. These results showed that the decay rate for both GHR 
and GHBP mRNAs was about 24 hours and did not change 
significantly during differentiation. Thus, the dramatic increase 
in the abundance of GHR and GHBP mRNAs during preadipo- 
cyte-adipocyte differentiation did not result from increased 
stability of the mRNAs. 

DISCUSSION 

The primary role of adipose tissue is to store energy as 
triacylglycerol during periods of nutritional caloric excess, and 

13-actin 

Fig 2. Time course of GHR mRNA induction during preadipocyte 
differentiation. GHR and I~-actin mRNAs were assayed at varying 
time points after exposure of 3T3-L1 cells to the differentiation 
medium. (A) Representative RPA gel using the antisense probes for 
either GHR (top) or I~-actin (bottom). (B) Graphic representation of 
the temporal expression of GHR mRNA during differentiation in the 
presence or absence of 10 iLmoi/L RA. Data points were obtained by 
phosphor image analysis of RPA gels. The mean -+ SE of 3 to 6 
experiments is expressed relative to the basal level of GHR mRNA at 
day 1. 

to mobilize this reserve when caloric expenditure exceeds 

intake. These functions are performed with the full complement 
of enzymes and regulatory proteins required for both de novo 
lipogenesis and lipolysis. These processes are regulated in 

response to hormones that regulate energy metabolism. For 
example, insulin promotes lipogenesis and inhibits lipolysis, 
whereas counterregulatory hormones (eg, glucagon, GH, and 
epinephrine) promote lipolysis. The expression of many en- 
zymes and other proteins involved in the pathways of de novo 
fatty acid and triacylglycerol biosynthesis and lipolysis and the 
response to the lipogenic and lipolytic hormones have been 
demonstrated to be stimulated in adipocytes, ~2 and the synthesis 
of many new proteins results from increased particular 
mRNAs. 18,19 This is consistent with our finding that the total 
RNA amount was threefold to fivefold greater in adipocytes 
than in undifferentiated fibroblasts. 

It has been known for some time that GH produces a variety 
of effects in adipose tissue via GHRs on the cell membrane. 
Upon binding to the hormone, GHR is known to initiate a 
phosphorylation cascade that presumably results in expression 
of many, if not all, of the responses to GH.2° Studies suggest that 
the short isoform, GHBR can be either released into the medium 
or retained on the cell surface, where it binds GH and modulates 
cellular functions. 21 GH apparently plays a role in adipocyte 
differentiation by initiating an autocrine/paracrine mechanism 
that leads to the secretion of IGF-I. 22-24 The present study has 
demonstrated that at the mRNA level, GHR is highly expressed 
in these cells and significantly upregulated as the preadipocytes 
differentiated into mature adipocytes. Since the GHBP mRNA 
to GHR mRNA ratio and the decay rate for both mRNAs did not 
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Fig 3, Representative phosphor image of RPA gels using the anti- 
sense riboprobe II. RPA was performed with 10 i~g RNA. Lane 1, RNA 
size markers; lanes 2 and 3, fragment protected by GHR and GHBP 
mRNAs in preadipocytes (D1) and adipocytes (D7). 

Table 1. Effect of Exposure to Actinomycin D for 24 Hours on the 
Levels of GHR and GHBP mRNAs 

Cells GHR mRNA (%) GHBP rnRNA (%) 

Preadipocytes (day 0) 52 ± 3.5 43 ± 3.8 
Adipocytes (day 7) 43 -~ 4.1 58 -~ 4.6 

NOTE. RNA prepared from 3T3-L1 cells at day 0 (preadipocytes) and 
day 7 (adipocytes) was analyzed by RPA. Values are expressed relative 
to the level obtained just before addition of actinomycin D at a 
concentration of 10 ~g/mL. Values are the mean -- SE of 3 to 4 
individual experiments. Two-sample t test showed that differences 
between preadipocytes and adipocytes were not statistically signifi- 
cant. 

change significantly during the process of differentiation, we 
propose that the increased GHR and GHBP mRNA levels 
resulted mainly from the increased transcription of the gene. 
This finding further supports the concept that GH acts on 
adipose tissue via its multiple receptors. 

Several studies have indicated that the process of preadipo- 
cyte differentiation is regulated by a family of C/EBP (CCAAT/ 
enhancer binding protein) transcription factors that have a basic 
region/leucine zipper (bZIP) DNA binding domain. Is Expres- 
sion of a member  of the C/EBP family, C/EBPa,  increases just  
before the coordinate expression of adipocyte-specific genes, 25 
and C/EBPc~ stimulates gene transcription by interacting with 
the promoter elements of the target genes. 26,27 The time course 
of GHR mRNA accumulation suggests a possible regulatory 
effect of GHR gene expression by C/EBPa.  The direct confirma- 
tion of this hypothesis requires the analysis of GHR promoter 
activity, and the molecular mechanisms involved in the actions 
of GHR/GHBP in adipose physiology remain to be elucidated. 
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