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We found recently (J. Biol. Chem. 274, 33866-33869,
1999) that the expression of the catalytic subunit (p36)
and putative glucose 6-phosphate translocase (p46) of
the liver glucose 6-phosphatase system was stimulated
by cyclic AMP and glucose and repressed by insulin.
We now further show in HepG2 cells that whereas
insulin (0.01-10 NnM) suppressed p36 MRNA, it only
reduced p46 mMRNA by half at 1 uM. Cyclic AMP (0.01-
100 uM) caused a 2.7-fold increase in p36 MRNA but
barely increased p46 mRNA. In contrast, dexametha-
sone (0.1-100 nM) increased both p36 and p46 mMRNA
by more than 3-fold. The effects of cyclic AMP and
dexamethasone were counteracted by 1 uM insulin.
The endoplasmic reticulum Ca®-ATPase inhibitor
thapsigargin (1-100 nM) increased p36 mRNA by 2-fold
but not p46 mMRNA. It thus appears that the hormonal
changes which affect p36 alone concur with known
modifications in glucose production; those that affect
both p36 and p46 are rather consistent with glucose
storage. © 2000 Academic Press
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Liver glucose production is ultimately realized by
glucose 6-phosphatase (G6Pase) (EC 3.1.3.9) (reviewed
in Refs. 1 and 2). Insulin deficiency, the presence of
unopposed counterregulatory hormones, and hypergly-
cemia may each contribute in the streptozotocin-
treated diabetic rat to enhanced hepatic glucose forma-

Abbreviations used: G6Pase, glucose 6-phosphatase; G6P, glucose
6-phosphate; p36, catalytic subunit of G6Pase; p46, putative G6P
translocase; cAMP, cyclic AMP; MIX, methyl isobutylxanthine;
[Ca®*];, cytosolic free calcium.
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tion, through an up-regulation of G6Pase that affects
both the 36-kDa catalytic subunit (p36) (3, 4) and the
putative glucose 6-phosphate (G6P) translocase, a 46-
kDa protein (p46) (5). Glucose and cyclic AMP (cCAMP)
indeed increased both p36 and p46 mMRNA but the p46
protein level was unaffected by cAMP (5). Insulin se-
verely represses the expression of p36 (6) and reduces
that of p46 (5). Taken together, these properties indi-
cate that both p36 and p46 are regulated in parallel;
however, the comparative sensitivity of p36 and p46 to
hormones remains to be defined. In this study we eval-
uated the differential response of p36 and p46 mRNA
to physiological concentrations of insulin and cAMP,
but also to dexamethasone and to changes in cytosolic
free calcium ([Ca®'];) induced by the endoplasmic re-
ticulum Ca®"-ATPase inhibitor thapsigargin (7) in
HepG2 cells. The results indicate that p36 is sensitive
to CAMP and thapsigargin stimulation and insulin in-
hibition whereas p46 is virtually not, but that dexa-
methasone has similar effects on both p36 and p46
gene expression. The possible role of p36 and p46 in the
G6Pase system is discussed in the light of this differ-
ential expression of the two genes.

MATERIALS AND METHODS

Materials. Bovine serum albumin and fetal bovine serum and
Dulbecco’s modified Eagle medium (DMEM), as well as insulin (ly-
ophilized), were purchased from Life Technologies Inc. (Birlington,
ON, Canada). Glucagon was from Eli Lilly Inc. (Toronto, ON, Can-
ada). Adenosine 3':5'-cycle monophosphate (cCAMP), methyl isobu-
tylxanthine (MIX), dexamethasone and thapsigargin were from
Sigma (Oakville, ON, Canada). Insulin, glucagon, cAMP and MIX
were dissolved in 0.9% NacCl, while dexamethasone and thapsigargin
were dissolved in dimethyl sulfoxide (DMSO).

Cell culture. HepG2 cells were maintained in DMEM containing
10% bovine fetal serum. Before treatment, cells were adapted in
serum-free DMEM (but containing 0.1% BSA) overnight. Insulin,
glucagon, cAMP (in the presence of 50 uM MIX to inhibit cAMP
phosphodiesterases), dexamethasone or the Ca**-ATPase inhibitor
thapsigargin was added to 80-90% confluent HepG2 cells in serum-
free DMEM at the indicated concentrations and times, in the pres-
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FIG. 1. Dose response of p36 and p46 mRNA to insulin in HepG2
cells. Northern analysis of p36 (O) and p46 (A) on total RNAs ex-
tracted from HepG2 cells incubated for 24 h with the indicated
concentrations of insulin, as described under Materials and Methods.
Densitometric scanning values are presented as means + S.D. (n =
3). Representative blots are shown on top, in which all controls
represent samples without any treatment and are considered as one
arbitrary unit for quantitative analysis.

ence of 5 mM glucose. Control cells were treated with the same final
concentration (0.01%) of DMSO in the cases of dexamethasone and
thapsigargin. Cells were harvested by scraping after different times
of treatment and kept at —80°C for subsequent analysis. With thap-
sigargin, cells were exposed for 10 min with the inhibitor and further
incubated without it for the indicated time.

Northern blot analysis. Total RNA was isolated from HepG2 cells
with Trizol LS reagent (Life Technologies Inc.) following the protocol
of the manufacturer. Fifteen ug of total RNA was electrophoresed on
a 1% formaldehyde-denatured agarose gel in 1X MOPS running
buffer. RNA was transferred to a nylon membrane (Bio-Rad, Missis-
sauga, ON, Canada) by capillary action overnight. The membrane
was then hybridized with *P-labelled p36 (8) or p46 (9) probes
overnight at 68°C in ExpressHyb Hybridization solution (CLON-
TECH, Palo Alto, CA). After hybridization, membranes were washed
five times with different proportions of SSC/SDS buffer and exposed
to a X-ray film at —80°C. Both p36 and p46 probes were full length
human cDNA fragments labelled by a random primer method with
Ready-To-Go DNA labelling beads (Amersham Pharmacia Biotech,
Baie d’ Urfe, QC, Canada). Probes were then purified with MicroSpin
G-50 columns (Amersham Pharmacia Biotech, Baie d’ Urfe, QC,
Canada). Quantification was performed with a scanning densitome-
ter (Dual light Transilluminator) and equal amount of loading was
verified by the 18S and 28S ribosomal RNA signal obtained by
ethidium bromide staining.

Statistic analysis. The results were presented as the mean =
S.D. of three or four independent experiments.

RESULTS

Dose response of p36 and p46 mRNA to insulin.
Figure 1 shows that after 24 h insulin caused a dose-
dependent decrease in the G6Pase catalytic subunit
p36 MRNA in HepG2 cells that was half maximal at
about 0.03 nM. At 10 nM insulin, p36 MRNA was not
detectable anymore. Similar results were reported in
FAO cells (6, 10). In contrast to p36, p46 mMRNA was
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not reduced more than by 60% at the highest (0.1-10
M) insulin concentrations investigated. Changes in
p46 protein that occur at 1 uM insulin were found
before to be parallel to those of the corresponding
mRNA (5).

Dose response of p36 and p46 mMRNA to cAMP and
counteraction by insulin.  The effect of increasing con-
centrations of CAMP (in the presence of 50 uM MIX) on
p36 and p46 transcripts was examined in HepG2 cells
after 6 h (Fig. 2), because longer incubation times
reversed this effect in FAO cells (6). It can be seen that
cAMP produced a 2.7-fold increase in the p36 mMRNA
level with a maximal effect at 1 M, whereas the p46
mMRNA was only slightly (1.25-fold) affected. This latter
result is in agreement with our previous observations
that cAMP did not increase the p46 protein (5). Con-
sistently, glucagon (1 wM) increased p36 and p46 to
similar extends as with an optimal concentration of
cAMP (Fig. 2). Insulin (1 wM) counteracted the cAMP-
induced increase in p36 MRNA but did not decrease the
p46 MRNA more than when added alone (see Fig. 1).

Dose response of p36 and p46 mRNA to dexametha-
sone and counteraction by insulin. Dexamethasone
(0.1-100 nM) increased in 24 h the level of both p36
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FIG. 2. Dose response of p36 and p46 mRNA to cAMP and to 1
uM glucagon and antagonism by insulin in HepG2 cells. (Left)
Northern analysis of p36 (O) and p46 (A) on total RNAs extracted
from HepG2 cells incubated for 6 h with the indicated concentrations
of cAMP and 50 uM MIX with (@, A) or without (O, A) 1 uM insulin.
(Right) Northern analysis of p36 and p46 on total RNAs extracted
from HepG2 cells incubated for 6 h with 1 uM glucagon. Densito-
metric scanning values are presented as means = S.D. (n = 3).
Representative blots are shown on top, in which all controls repre-
sent samples without any treatment and are considered as one
arbitrary unit for quantitative analysis.
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FIG. 3. Dose response of p36 and p46 mRNA to dexamethasone
and antagonism by insulin in HepG2 cells. Northern analysis of p36
(O) and p46 (A) on total RNAs extracted from HepG2 cells incubated
for 24 h with the indicated concentrations of dexamethasone with (@,
A) or without (O, A) 1 uM insulin. Densitometric scanning values are
presented as means = S.D. (n = 3 or 4). Representative blots are
shown on top, in which all controls represent samples without any
treatment and are considered as one arbitrary unit for quantitative
analysis.

and p46 message by a factor between 2- and 3-fold with
similar sensitivity (Fig. 3). This stimulatory effect was
inhibited by 1 uM insulin on p36 as well as on p46
MmRNA (Fig. 3), in agreement with the property of
insulin to inhibit glucocorticoid receptor activity (11).

Dose response of p36 and p46 mRNA to thapsigargin
in HepG2 cells. In order to evaluate the effect of in-
creased [Ca®’]; on the p36 and p46 message, indepen-
dent of inositol trisphosphate, we used an inhibitor of
the endoplasmic reticulum Ca®"-ATPase, thapsigargin
(7). Because prolonged application of this drug resulted
in cell death, we exposed the HepG2 cultures for 10
min to increasing concentrations of thapsigargin and
further cultured them up to 6 h before harvesting and
MRNA analysis. It has been emphasized before that a
[Ca*']; perturbation of a few minutes is sufficient for
full induction of transcripts (12). Figure 4 shows that
p36 MRNA was increased up to 2-fold by increasing
thapsigargin concentrations (1-100 nM) whereas p46
mMRNA was unchanged under the same conditions.

DISCUSSION

Insulin, cAMP and calcium affect differently p36 and
p46 mRNA. The negative effect of insulin on p36
mMRNA, which is partly attributable to a decreased
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transcription rate (6), was found to be within its phys-
iological concentration range (0.05—-0.1 nM), indicating
that the expression of G6Pase must be very sensitive to
down-regulation by insulin. This is not the case for p46,
the mRNA of which was only reduced by 20-30% by
normal insulin concentrations. Suppression of hepatic
glucose production after a meal can thus appropriately
be achieved by increased insulin secretion that occurs
in that situation followed by decreased G6Pase activ-
ity. Conversely, glucagon and cAMP, which stimulate
glycogenolysis and gluconeogenesis, increase p36 mes-
sage and enhance glucose release by the liver without
significantly affecting p46. Therefore both inhibition
and stimulation of G6Pase seem to be principally the
consequence of changes in the catalytic subunit of
G6Pase. A similar conclusion can be drawn from the
effect of thapsigargin. The elevation in [Ca®']; expected
to occur following inhibition of the endoplasmic retic-
ulum Ca**-ATPase in HepG2 cells by thapsigargin in-
creased by up to twofold the p36 mMRNA without affect-
ing p46 MRNA. Although cAMP and calcium increase
p36 MRNA to the same extent, calcium however is a
less potent signal than cAMP in inducing glucose pro-
duction because the former increases fructose-2,6-
bisphosphate and flux through glycolysis whereas the
latter lowers fructose-2,6-bisphosphate and inhibits
glycolysis, thereby directing G6P towards glucose for-
mation.

Although the regulation of p36 and p46 mRNA tends
to be affected in parallel, the dose responses of the
respective messages to insulin, cAMP and thapsigargin
are quite different for these two components of the
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FIG. 4. Dose response of p36 and p46 mRNA to thapsigargin in
HepG2 cells. Northern analysis of p36 (O) and p46 (A) on total RNAs
extracted from HepG2 cells incubated with the indicated concentra-
tions of thapsigargin for 10 min and further cultured for 6 h. Den-
sitometric scanning values are presented as means = S.D. (n = 3).
Representative blots are shown on top, in which all controls repre-
sent samples without any treatment and are considered as one
arbitrary unit for quantitative analysis.
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G6Pase system. Hormonal changes compatible with
increased hepatic glucose production essentially mod-
ify the expression of the catalytic subunit of G6Pase,
p36, without significant effect on that of p46.

Dexamethasone affects similarly p36 and p46. Ef-
fectors such as glucose (5) and the synthetic glucocor-
ticoid dexamethasone (this work), which enhance gly-
cogen synthesis, increase both p36 and p46 mRNA.
Glucocorticoids stimulate gluconeogenesis as well as
glycogen synthesis and have only a marginal effect on
glucose production (13, 14). Taken together, these
properties suggest that p46 favors carbon flux through
G6P towards glycogen, even if G6Pase activity is con-
comitantly increased. Such mechanism would be com-
patible with the proposition of Aiston et al. (15) that
G6Pase acts as a buffer for G6P. G6P hydrolysis might
serve either for glucose export by the liver (increased
p36 alone) or to feed a glucose/G6P substrate cycle to
keep intracellular G6P available for glycogen synthesis
(increased p46 and p36). This cycle is indeed increased
in diabetes (16) and could be a metabolic adaptation
whereby hyperglycemia appropriately induces both
components of the liver G6Pase system (5). Similarly,
hyperglycemia partially compensates the down-
regulation of synthase phosphatase induced by insulin
deficiency in diabetes (17).
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