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The role of protein synthesis in sex hormone-binding globulin (SHBG) secretion and gene expression
was studied in HepG2 cell cultures. Inhibition of protein synthesis by cycloheximide suppressed
SHBG levels. Triiodothyronine and estradiol increased SHBG production, and cycloheximide
reduced their effects to an extent which correlated with the degree of suppression obtained with the
drug alone. Insulin decreased SHBG production, and the effect of the treatment with insulin and
cycloheximide together did not differ from that with cycloheximide alone. Cycloheximide did not,
alone or with the hormones, decrease SHBG levels more markedly extra- than intracellularly.
Therefore, cycloheximide does not impair the secretion of SHBG which is synthesized in the
presence of the drug. In contrast to SHBG protein levels, cycloheximide increased SHBG mRNA
levels. When the effect of cycloheximide on the rate of SHBG mRNA decay was tested, the drug was
found to extend the half-life of SHBG mRNA. Of the hormones, insulin decreased and triiodothy-
ronine modestly increased SHBG mRNA levels, whereas estradiol had no clear effect. Treatment
with cycloheximide together with any of the hormones resulted in an increase in SHBG mRNA
levels. We conclude that protein synthesis inhibition does not impair the secretion of SHBG
produced under such conditions, but stabilizes SHBG mRNA by removing some hepatic protein
species involved in the regulation of its degradation.

F. Steroid Biochem. Molec. Biol., Vol. 54, No. 3/4, pp. 141-146, 1995

INTRODUCTION been studied extensively. The aim of this study was to
elucidate the role of protein synthesis in SHBG se-
cretion and gene expression, by utilizing the protein
synthesis inhibiting property of cvcloheximide in liver
cells in culture. The effect of cycloheximide, alone and
together with insulin, estradiol and triiodothyronine,
on SHBG protein and messenger ribonucleic acid
(mRNA) levels was investigated. Further, the effect of
cycloheximide on the time course of SHBG mRNA
decay was examined.

Sex hormone-binding globulin (SHBG) is a plasma
glycoprotein [1] with a single high affinity binding site
for estrogens and androgens [2]. In the regulation of
plasma SHBG levels, estrogen—androgen balance and
thyroid hormone status have been traditionally re-
garded as important factors [3]. The present opinion
suggests, however, that steroid and thyroid hormones
may not be physiological regulators of SHBG pro-
duction, but rather influence it under certain pharma-
cological and pathological conditions—estrogens and
thyroid hormones increasing and androgens decreasing MATERIALS AND METHODS
it [4]. Results from recent studies imply that insulin = Cel! cultures

may be the main .regulator of SHBG production: Human hepatoma cells (HepG2 cells, American
fasting plasma insulin levels correlate negatively with Type Culture Collection, Rockville, MD) were grown
plasma SHBG levels in both men [5] and women [6], at 37'C in 929 air and 8% CO, in Dulbecco’s

and insulin decreases SH'BG production in vitro [7-9]. Modified Eagle’s Medium without phenol red (Gibco,

The hormonal regulation of SHBG production has Paisley, U.K.), supplemented with 10% heat-inacti-

vated fetal calf serum (Gibco), 29% L-glutamine

*Correspondence to M. Loukovaara. (Gibco), 1% nonessential amino acids (Gibco),

Received 20 Dec. 1994; accepted 3 Apr. 1995, 100 U/ml penicillin, and 100 yg/ml streptomycin
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(penicillin-streptomycin solution, Gibco). Subconflu-
ent cell layers were washed twice with phosphate-
buffered saline (PBS), after which the cells were culti-
vated for 1 day under serum-free conditions. The
medium was then replaced by fresh serum-free
medium, and cultivation was continued in the presence
of the effectors.

To study the effect of protein synthesis inhibition on
SHBG secretion, the cells were cultivated for 3 days in
the presence of 2 pg/ml cycloheximide (Sigma Chemi-
cal Co., St Louis, MO). The chosen concentration of
cycloheximide inhibited total protein secretion by
709, but did not affect cell growth, as seen from the
constant DNA content of the «cultures. Insulin
(Boehringer Mannheim, Mannheim, Germany), 174-
estradiol (Makor Chemicals, Jerusalem, Israel), and
triiodothyronine (Sigma Chemical Co.) were added 1 h
after the addition of cycloheximide. Subsequently, the
cells were refed with the hormones daily. At the end of
the incubation, the media were removed and stored at
—20°C until assayed. The cells were washed twice with
PBS, harvested, and stored at — 20 C until homogen-
ized and assayed. Homogenization was accomplished
by sonication with a Sonifier cell disrupter B-30
(Branson Sonic Power Co., Danbury, CT).

To study the effect of protein synthesis inhibition on
SHBG gene expression, the cultures were treated with
cycloheximide and/or the hormones as above. After 2
days, polyadenylated RNA was isolated, and SHBG
mRNA was quantified by Northern blot analysis.

The effect of protein synthesis inhibition on SHBG
mRNA decay was examined by blocking DNA tran-
scription of the cells with 35 ug/ml actinomycin D
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(Sigma Chemical Co.), after a 2 day treatment with
2 ug/ml cycloheximide. Thereafter, polyadenylated
RNA was isolated at the time points indicated below,
and SHBG mRNA was quantified by Northern blot
analysis.

SHBG measurement

SHBG concentrations from homogenized HepG2
cells and medium samples were measured by a
fluoroimmunometric assay (Delfia SHBG assay, Wallac
Oy, Turku, Finland), as described earlier [10].

Extraction of polyadenylated RNA

After the isolation of total hepatocyte RNA by the
method of Chomczynski and Sacchi [11] and the
RNAzol-B  reagent (Cinna/Biotecx ILaboratories
International, Friendswood, TX), polyadenylated
RNA was selected by chromatography on oligo-
(deoxythymidine)-cellulose using an mRNA purifi-
cation kit (Pharmacia, Uppsala, Sweden). RNA was
quantified by measuring the absorbance at 260 nm.

Northern blot analysis

Five micrograms of polyadenylated RNA were
separated electrophoretically on an 0.8%, agarose—
formaldehyde gel [12] and transferred to a Pall-
Biodyne membrane (Pall, East Hills, NY) in 20 x SSC
(1 x SSC is 0.15 M sodium chloride, 0.015 M sodium
citrate, pH 7.0) by capillary action [13]. The membrane
was baked, prehybridized and hybridized according to
the manufacturer’s instructions. SHBG complemen-
tary DNA [14] (kindly provided by Dr Geoffrey L.
Hammond, London Regional Cancer Center, London,

Table 1. SHBG levels in homogenized HepG2 cells amd culture medium after a 3 day incubation with
different effectors

Cells Medium
SHBG SHBG SHBG SHBG
(pgiug DNA) (®,, of control) (pg/ug DNA) (% of control)

Control 21.9+08 100 + 4 840 + 21 100+ 3
Insulin 15 nM 158404 72 4+ 2* 617 + 16 73 + 2*
Cycloheximide 2 pg;ml 7.04+0.2 32+ 11 344 +7 41 + 11
Insulin + cycloheximide 57+0.2 26 + 11 33148 394+ 17
Control 21.9+08 100 + 4 840 + 21 100+ 3
Estradiol 500 nM 36.4+0.5 166 + 2% 895 + 21 107+ 3
Cycloheximide 2 pg:ml 7.0+0.2 324+ 1§ 344 + 7 41 4+ 1|
Estradiol + cycloheximide 129403 59+ 1%+ 332+8 40+ 1)
Control 214 +16 100 +8 531 +32 100+ 6
Triodothyronine 10 nM 31.2+23 146 + 11§ 793 + 51 149 + 10**
Cycloheximide 2 pg:;ml 7.6 +0.6 36 + 31 243+ 9 46 + 21
Triiodothyronine + cycloheximide 9.3+06 43 + 3% 316 + 20 60 + 41

*P <0.0001 vs control, vs cycloheximide, vs insulin + cycloheximide.

TP < 0.0001 vs control.

$P < 0.0001 vs control, vs cycloheximide, and vs estradiol + cycloheximide.

§7 < 0.0001 vs control, and vs estradiol + cycloheximide.

[P < 0.0001 vs control, and vs estradiol.

4P <0.01 vs control; > <0.0001 vs cycloheximide, and vs triiodothyronine + cycloheximide.
**P < 0.005 vs control; P <0.0001 vs cycloheximide, angd vs triiodothyronine + cycloheximide.

T1P < 0.0005 vs control.
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Canada) was labeled with [2-*P]}deoxy-CTP, using
Prime-It IT Random Primer Labeling Kit (Stratagene,
La Jolla, CA), and the labeled probe was purified
through a Bio-Spin 6 Chromatography Column (Bio-
Rad, Richmond, CA). After hybridization, the mem-
brane was washed [10], and exposed to Kodak X-Omat
AR Scientific Imaging Film (Eastman Kodak,
Rochester, NY) for 1-5 days at —80°C. The auto-
radiography signals were quantified by an EDC Elec-
trophoresis Data Center (Helena ILaboratories,
Beaumont, TX), with reference to the signals obtained
by rehybridizing the membranes with glyceraldehyde
3-phosphate dehydrogenase (GAPDH) complementary
DNA [15].

DN A measurement

The amount of cellular DNA was determined with a
slight modification [10] of Sorger and Germinario’s
procedure [16].

Statistics

The ratios of SHBG concentrations to DNA content
were calculated, and the results from six culture discs
for each treatment group were expressed as a per-
centage of the control value in each case and are
presented as the mean + SEM. The differences in
SHBG levels between cultures with and without the
effectors were evaluated by factorial analysis of vari-
ance, and Fisher’s protected least significant difference
test was employed for multiple group comparisons.
P < 0.05 was considered statistically significant.

RESULTS

Table 1 shows the effect of cycloheximide and the
various hormones, alone and in combination, on intra-
and extracellular SHBG levels in HepG2 cell cultures.

Cycloheximide suppressed SHBG levels signifi-
cantly. In four separate experiments, the suppression
was slightly more pronounced within the cells than in
the culture medium (67 + 49, and 57 + 99, the mean
suppression + range within the cells and the medium,
respectively).

Of the hormones, insulin decreased and triiodothy-
ronine increased, at nanomolar concentrations, the
production of SHBG. Estradiol, on the other hand, had
no effect on SHBG levels at 10-25 nM concentrations
(not shown), but increased the levels within the cells at
a concentration of 500 nM. The increase in the culture
medium was not significant. Because of the slightly
more pronounced effect of cycloheximide on intra-
than extracellular SHBG levels, the drug alleviated the
estradiol induced imbalance between the intracellular
accumulation and secretion of SHBG. Similarly, the
effect of trilodothyronine on SHBG levels was reduced
by cycloheximide to an extent which correlated with
the extent obtained with cycloheximide alone, i.e. the
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levels reduced slightly more within the cells than in the
culture medium. The effect of the combined treatment
with insulin and cycloheximide did not differ from that
with cycloheximide alone.

In contrast to its effect on SHBG protein levels,
cycloheximide increased (by 80 +409%, the mean +
range of three experiments) SHBG mRNA levels in
HepG2 cells (Fig. 1). To elucidate the mechanism of
the increase, the effect of cycloheximide on the rate of
SHBG mRNA decay was tested (Fig. 2). During the
first 6 h after the blockade of DNA transcription,
SHBG mRNA levels remained unaltered in both con-
trol and cycloheximide treated cells, which indicates
that SHBG mRNA did not degrade substantially. At
12h, SHBG mRNA levels had declined abruptly in
control cells, but were still unaltered in cycloheximide
treated cells. The effect of cycloheximide appears to be
specific: in both control and cycloheximide treated
cells, the initial levels of GAPDH mRNA were 1.4

Al
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CHX - - +
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B2 E2 - + - +
CHX - - + +
C1
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Cc2 T3 - + - +
CHX - - + +

Fig. 1. Effect of a 2 day incubation with (A) insulin (15 nM),

(B) estradiol (500 nM), and (C) triiodothyronine (10 nM), in

the absence and presence of cycloheximide (CHX, 2 ug/ml),

on SHBG mRNA levels in HepG2 cells. SHBG mRNA, 1.6 kb;
GAPDH mRNA, 1.3 kb.
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Fig. 2. Effect of cycloheximide on SHBG mRNA turnover
rate. HepG2 cells were cultivated for 2 days in the absence or
presence of cycloheximide (CHX, 2 ug/ml), after which DNA
transcription was blocked with actinomycin D (5 ug/ml).
Polyadenylated RNA was isolated at the indicated time
points, and SHBG mRNA was quantified by Northern blot
analysis. The amount of SHBG mRNA at the time of
actinomycin D addition was taken as 100%,. @, control cells;
A, cycloheximide treated cells.

times higher than the levels at the end of the
incubation.

The effect of each of the hormones on SHBG mRNA
levels was tested at concentrations which altered the
levels of the protein (Fig. 1). Stimulation with insulin
decreased SHBG mRNA levels to 254109, (the
mean + range of two experiments) of the levels in
unstimulated cells. Triiodothyronine modestly in-
creased the levels of the transcript (by 50 + 20°,, the
mean + range of two experiments), whereas estradiol
had no clear effect in two experiments. When the cells
were treated with both cycloheximide and one of the
hormones, the effect of the hormones was overwhelmed
by the drug (a 1.5-, 2.3-, and 2.4-fold increase in
SHBG mRNA levels for combined treatments with
insulin, estradiol, and triiodothyronine, respectively)
(Fig. 2).

DISCUSSION

In the present study, we investigated in vitro the
effect of protein synthesis inhibition by cycloheximide
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on the secretion of SHBG, and on the levels and
half-life of SHBG mRNA.

Cycloheximide decreased SHBG levels in HepG2
cell cultures, in conjunction with its protein synthesis
inhibiting property. Inhibition of protein synthesis
does not appear to impair the secretion of SHBG
produced under such conditions, as cycloheximide did
not decrease SHBG levels more markedly in the culture
medium than within the cells. The fact that cyclo-
heximide repeatedly suppressed SHBG levels some-
what more efficiently intra- than extracellularly might
suggest that cycloheximide actually assists the secretion
of SHBG produced in the presence of the drug. The
secretion of SHBG accumulated within the cells
prior to the addition of cycloheximide would not alone
explain the phenomenon.

As in an earlier study [10], insulin and triiodothy-
ronine altered SHBG levels in parallel intra- and
extracellularly, whereas estradiol affected mainly the
intracellular SHBG levels. Because cycloheximide
affected SHBG levels more potently than the hor-
mones, the results of the treatments with cyclohex-
imide and the hormones together reflected primarily
the effect of the former. Thus, SHBG levels decreased
as a response to the combined treatments, a result
which was again slightly more evident intra- than
extracellularly. However, the hampered secretion of
SHBG during estradiol stimulation was not completely
abolished by the drug.

The imbalance between intracellular accumulation
and secretion of SHBG during estradiol stimulation
may be explained by the effect of the hormone on
the nonsecreted nonsteroid-binding form of SHBG,
formed by alternative processing of the SHBG tran-
script [17,18]. In addition, changes which are re-
stricted to the glycosylation of SHBG are known to
alter the secretion of SHBG, but in this case with-
out effect on the binding affinity of the protein for its
ligand [19].

Cycloheximide enhanced SHBG mRNA accumu-
lation in HepG2 cells, which differentiates SHBG
mRNA from the mRNA of another steroid binding
protein, estrogen receptor, the levels of which remain
unaltered as a response to cycloheximide [20]. Induc-
tion by protein synthesis inhibition appears to be a
feature common to a number of cell-cycle-related
mRNAs, resulting from either direct stimulation of
transcription, or mRNA stabilization [21]. Cyclohex-
imide has been reported to activate the transcription of
genes encoding actin [22], f-interferon [23], and or-
nithine decarboxylase [24], probably through the acti-
vation of enhancer sequences termed serum-responsive
elements [25]. However, for the majority of mRNAs
described, the mechanism of mRNA induction by
protein synthesis inhibition is an increase in the mRNA
half-life. Histone mRNA [26] and certain proto-onco-
gene mRNAs [27, 28], for example, are all stabilized
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under such conditions. Of the mRNAs encoding pro-
teins which bind hormones or growth factors, insulin-
like growth factor binding protein-1 mRNA has been
demonstrated to be stabilized by cyclo-heximide [29].

The present study shows that in the case of SHBG
mRNA, decreased turnover rate increases the levels
of the transcript during cycloheximide treatment.
Thus, our experiments support the concept of a pro-
tein regulator of SHBG mRNA decay. Such a pro-
tein could be an SHBG mRNA specific RNase or a
protein that activates such an RNase or binds to SHBG
mRNA to signal its degradation.

The involvement of a repressor protein in the regu-
lation of SHBG mRNA levels would be compatible
with our observations that cvcloheximide overwhelmed
the effects of insulin, estradiol and triiodothyronine on
SHBG mRNA levels. Whether these hormones exert

their effects on SHBG mRNA levels independently of

de novo protein synthesis remains unresolved, because
the levels were increased by protein synthesis inhi-
bition per se. The inference made by other authors
[30, 31], that protein synthesis is not necessary for the
hormonal induction of SHBG mRNA in hepatic cells,
is not justifiable. Namely, they did not examine the
effect of cycloheximide on SHBG mRNA levels
alone, but only together with either estradiol or tri-
iodothyronine.

With the exception of insulin, the hormones tested in
this study did not alter SHBG mRNA levels by a factor
of two, a limit suggestive of altered transcription in
Northern analysis. The result agrees with the earlier
studies carried out in vitro. According to three groups,
insulin decreases [10, 30, 32], and according to four
groups, triiodothyronine slightly increases SHBG
mRNA levels [10,30-34]. The results with estradiol
are controversial. As a response to this steroid, SHBG
mRNA levels have been reported to slightly increase
[10, 30, 33], or to remain unaltered [32]. The steady
state levels of the alternatively spliced SHBG tran-
scripts are not necessarily equal. The clearer response
of the cells to triiodothyronine than to estradiol might
be due to the effect of the latter on the levels of a
quantitatively minor transcript. This would correlate
with the fact that estradiol primarily increases the
levels of intracellular SHBG, a quantitatively minor
translation product of SHBG.

We conclude that protein synthesis inhibition does
not impair the secretion of SHBG produced under such
conditions, but stabilizes SHBG mRNA by removing
some hepatic protein species involved in the regulation
of its degradation.
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