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We found recently (J. Biol. Chem. 274, 33866–33869,
999) that the expression of the catalytic subunit (p36)
nd putative glucose 6-phosphate translocase (p46) of
he liver glucose 6-phosphatase system was stimulated
y cyclic AMP and glucose and repressed by insulin.
e now further show in HepG2 cells that whereas

nsulin (0.01–10 nM) suppressed p36 mRNA, it only
educed p46 mRNA by half at 1 mM. Cyclic AMP (0.01–
00 mM) caused a 2.7-fold increase in p36 mRNA but
arely increased p46 mRNA. In contrast, dexametha-
one (0.1–100 nM) increased both p36 and p46 mRNA
y more than 3-fold. The effects of cyclic AMP and
examethasone were counteracted by 1 mM insulin.
he endoplasmic reticulum Ca21-ATPase inhibitor

hapsigargin (1–100 nM) increased p36 mRNA by 2-fold
ut not p46 mRNA. It thus appears that the hormonal
hanges which affect p36 alone concur with known
odifications in glucose production; those that affect

oth p36 and p46 are rather consistent with glucose
torage. © 2000 Academic Press

Key Words: glucose 6-phosphatase; catalytic subunit;
utative glucose 6-phosphate translocase; gene ex-
ression; insulin; glucagon; dexamethasone; cyclic
MP; calcium.

Liver glucose production is ultimately realized by
lucose 6-phosphatase (G6Pase) (EC 3.1.3.9) (reviewed
n Refs. 1 and 2). Insulin deficiency, the presence of
nopposed counterregulatory hormones, and hypergly-
emia may each contribute in the streptozotocin-
reated diabetic rat to enhanced hepatic glucose forma-

Abbreviations used: G6Pase, glucose 6-phosphatase; G6P, glucose
-phosphate; p36, catalytic subunit of G6Pase; p46, putative G6P
ranslocase; cAMP, cyclic AMP; MIX, methyl isobutylxanthine;
Ca21]i, cytosolic free calcium.

1 To whom correspondence should be addressed at Centre de Re-
herche, CHUM–Campus Notre-Dame, 8e Mailloux, 1560 Sher-
rooke Est, Montréal, Qc H2L 4M1. Fax: 514-896-4701. E-mail:
erald_van_de_werve@hotmail.com.
41
oth the 36-kDa catalytic subunit (p36) (3, 4) and the
utative glucose 6-phosphate (G6P) translocase, a 46-
Da protein (p46) (5). Glucose and cyclic AMP (cAMP)
ndeed increased both p36 and p46 mRNA but the p46
rotein level was unaffected by cAMP (5). Insulin se-
erely represses the expression of p36 (6) and reduces
hat of p46 (5). Taken together, these properties indi-
ate that both p36 and p46 are regulated in parallel;
owever, the comparative sensitivity of p36 and p46 to
ormones remains to be defined. In this study we eval-
ated the differential response of p36 and p46 mRNA
o physiological concentrations of insulin and cAMP,
ut also to dexamethasone and to changes in cytosolic
ree calcium ([Ca21]i) induced by the endoplasmic re-
iculum Ca21-ATPase inhibitor thapsigargin (7) in
epG2 cells. The results indicate that p36 is sensitive

o cAMP and thapsigargin stimulation and insulin in-
ibition whereas p46 is virtually not, but that dexa-
ethasone has similar effects on both p36 and p46

ene expression. The possible role of p36 and p46 in the
6Pase system is discussed in the light of this differ-
ntial expression of the two genes.

ATERIALS AND METHODS

Materials. Bovine serum albumin and fetal bovine serum and
ulbecco’s modified Eagle medium (DMEM), as well as insulin (ly-
philized), were purchased from Life Technologies Inc. (Birlington,
N, Canada). Glucagon was from Eli Lilly Inc. (Toronto, ON, Can-
da). Adenosine 39:59-cycle monophosphate (cAMP), methyl isobu-
ylxanthine (MIX), dexamethasone and thapsigargin were from
igma (Oakville, ON, Canada). Insulin, glucagon, cAMP and MIX
ere dissolved in 0.9% NaCl, while dexamethasone and thapsigargin
ere dissolved in dimethyl sulfoxide (DMSO).

Cell culture. HepG2 cells were maintained in DMEM containing
0% bovine fetal serum. Before treatment, cells were adapted in
erum-free DMEM (but containing 0.1% BSA) overnight. Insulin,
lucagon, cAMP (in the presence of 50 mM MIX to inhibit cAMP
hosphodiesterases), dexamethasone or the Ca21-ATPase inhibitor
hapsigargin was added to 80–90% confluent HepG2 cells in serum-
ree DMEM at the indicated concentrations and times, in the pres-
0006-291X/00 $35.00
Copyright © 2000 by Academic Press
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nce of 5 mM glucose. Control cells were treated with the same final
oncentration (0.01%) of DMSO in the cases of dexamethasone and
hapsigargin. Cells were harvested by scraping after different times
f treatment and kept at 280°C for subsequent analysis. With thap-
igargin, cells were exposed for 10 min with the inhibitor and further
ncubated without it for the indicated time.

Northern blot analysis. Total RNA was isolated from HepG2 cells
ith Trizol LS reagent (Life Technologies Inc.) following the protocol
f the manufacturer. Fifteen mg of total RNA was electrophoresed on

1% formaldehyde-denatured agarose gel in 13 MOPS running
uffer. RNA was transferred to a nylon membrane (Bio-Rad, Missis-
auga, ON, Canada) by capillary action overnight. The membrane
as then hybridized with 32P-labelled p36 (8) or p46 (9) probes
vernight at 68°C in ExpressHyb Hybridization solution (CLON-
ECH, Palo Alto, CA). After hybridization, membranes were washed
ve times with different proportions of SSC/SDS buffer and exposed
o a X-ray film at 280°C. Both p36 and p46 probes were full length
uman cDNA fragments labelled by a random primer method with
eady-To-Go DNA labelling beads (Amersham Pharmacia Biotech,
aie d’ Urfe, QC, Canada). Probes were then purified with MicroSpin
-50 columns (Amersham Pharmacia Biotech, Baie d’ Urfe, QC,
anada). Quantification was performed with a scanning densitome-

er (Dual light Transilluminator) and equal amount of loading was
erified by the 18S and 28S ribosomal RNA signal obtained by
thidium bromide staining.

Statistic analysis. The results were presented as the mean 6
.D. of three or four independent experiments.

ESULTS

Dose response of p36 and p46 mRNA to insulin.
igure 1 shows that after 24 h insulin caused a dose-
ependent decrease in the G6Pase catalytic subunit
36 mRNA in HepG2 cells that was half maximal at
bout 0.03 nM. At 10 nM insulin, p36 mRNA was not
etectable anymore. Similar results were reported in
AO cells (6, 10). In contrast to p36, p46 mRNA was

FIG. 1. Dose response of p36 and p46 mRNA to insulin in HepG2
ells. Northern analysis of p36 (E) and p46 (‚) on total RNAs ex-
racted from HepG2 cells incubated for 24 h with the indicated
oncentrations of insulin, as described under Materials and Methods.
ensitometric scanning values are presented as means 6 S.D. (n 5
). Representative blots are shown on top, in which all controls
epresent samples without any treatment and are considered as one
rbitrary unit for quantitative analysis.
42
M) insulin concentrations investigated. Changes in
46 protein that occur at 1 mM insulin were found
efore to be parallel to those of the corresponding
RNA (5).

Dose response of p36 and p46 mRNA to cAMP and
ounteraction by insulin. The effect of increasing con-
entrations of cAMP (in the presence of 50 mM MIX) on
36 and p46 transcripts was examined in HepG2 cells
fter 6 h (Fig. 2), because longer incubation times
eversed this effect in FAO cells (6). It can be seen that
AMP produced a 2.7-fold increase in the p36 mRNA
evel with a maximal effect at 1 mM, whereas the p46

RNA was only slightly (1.25-fold) affected. This latter
esult is in agreement with our previous observations
hat cAMP did not increase the p46 protein (5). Con-
istently, glucagon (1 mM) increased p36 and p46 to
imilar extends as with an optimal concentration of
AMP (Fig. 2). Insulin (1 mM) counteracted the cAMP-
nduced increase in p36 mRNA but did not decrease the
46 mRNA more than when added alone (see Fig. 1).

Dose response of p36 and p46 mRNA to dexametha-
one and counteraction by insulin. Dexamethasone
0.1–100 nM) increased in 24 h the level of both p36

FIG. 2. Dose response of p36 and p46 mRNA to cAMP and to 1
M glucagon and antagonism by insulin in HepG2 cells. (Left)
orthern analysis of p36 (E) and p46 (‚) on total RNAs extracted

rom HepG2 cells incubated for 6 h with the indicated concentrations
f cAMP and 50 mM MIX with (F, Œ) or without (E, ‚) 1 mM insulin.
Right) Northern analysis of p36 and p46 on total RNAs extracted
rom HepG2 cells incubated for 6 h with 1 mM glucagon. Densito-

etric scanning values are presented as means 6 S.D. (n 5 3).
epresentative blots are shown on top, in which all controls repre-
ent samples without any treatment and are considered as one
rbitrary unit for quantitative analysis.
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nd p46 message by a factor between 2- and 3-fold with
imilar sensitivity (Fig. 3). This stimulatory effect was
nhibited by 1 mM insulin on p36 as well as on p46

RNA (Fig. 3), in agreement with the property of
nsulin to inhibit glucocorticoid receptor activity (11).

Dose response of p36 and p46 mRNA to thapsigargin
n HepG2 cells. In order to evaluate the effect of in-
reased [Ca21]i on the p36 and p46 message, indepen-
ent of inositol trisphosphate, we used an inhibitor of
he endoplasmic reticulum Ca21-ATPase, thapsigargin
7). Because prolonged application of this drug resulted
n cell death, we exposed the HepG2 cultures for 10

in to increasing concentrations of thapsigargin and
urther cultured them up to 6 h before harvesting and
RNA analysis. It has been emphasized before that a

Ca21]i perturbation of a few minutes is sufficient for
ull induction of transcripts (12). Figure 4 shows that
36 mRNA was increased up to 2-fold by increasing
hapsigargin concentrations (1–100 nM) whereas p46
RNA was unchanged under the same conditions.

ISCUSSION

Insulin, cAMP and calcium affect differently p36 and
46 mRNA. The negative effect of insulin on p36
RNA, which is partly attributable to a decreased

FIG. 3. Dose response of p36 and p46 mRNA to dexamethasone
nd antagonism by insulin in HepG2 cells. Northern analysis of p36
E) and p46 (‚) on total RNAs extracted from HepG2 cells incubated
or 24 h with the indicated concentrations of dexamethasone with (F,
) or without (E, ‚) 1 mM insulin. Densitometric scanning values are
resented as means 6 S.D. (n 5 3 or 4). Representative blots are
hown on top, in which all controls represent samples without any
reatment and are considered as one arbitrary unit for quantitative
nalysis.
43
ological concentration range (0.05–0.1 nM), indicating
hat the expression of G6Pase must be very sensitive to
own-regulation by insulin. This is not the case for p46,
he mRNA of which was only reduced by 20–30% by
ormal insulin concentrations. Suppression of hepatic
lucose production after a meal can thus appropriately
e achieved by increased insulin secretion that occurs
n that situation followed by decreased G6Pase activ-
ty. Conversely, glucagon and cAMP, which stimulate
lycogenolysis and gluconeogenesis, increase p36 mes-
age and enhance glucose release by the liver without
ignificantly affecting p46. Therefore both inhibition
nd stimulation of G6Pase seem to be principally the
onsequence of changes in the catalytic subunit of
6Pase. A similar conclusion can be drawn from the
ffect of thapsigargin. The elevation in [Ca21]i expected
o occur following inhibition of the endoplasmic retic-
lum Ca21-ATPase in HepG2 cells by thapsigargin in-
reased by up to twofold the p36 mRNA without affect-
ng p46 mRNA. Although cAMP and calcium increase
36 mRNA to the same extent, calcium however is a
ess potent signal than cAMP in inducing glucose pro-
uction because the former increases fructose-2,6-
isphosphate and flux through glycolysis whereas the
atter lowers fructose-2,6-bisphosphate and inhibits
lycolysis, thereby directing G6P towards glucose for-
ation.
Although the regulation of p36 and p46 mRNA tends

o be affected in parallel, the dose responses of the
espective messages to insulin, cAMP and thapsigargin
re quite different for these two components of the

FIG. 4. Dose response of p36 and p46 mRNA to thapsigargin in
epG2 cells. Northern analysis of p36 (E) and p46 (‚) on total RNAs

xtracted from HepG2 cells incubated with the indicated concentra-
ions of thapsigargin for 10 min and further cultured for 6 h. Den-
itometric scanning values are presented as means 6 S.D. (n 5 3).
epresentative blots are shown on top, in which all controls repre-
ent samples without any treatment and are considered as one
rbitrary unit for quantitative analysis.
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ncreased hepatic glucose production essentially mod-
fy the expression of the catalytic subunit of G6Pase,
36, without significant effect on that of p46.

Dexamethasone affects similarly p36 and p46. Ef-
ectors such as glucose (5) and the synthetic glucocor-
icoid dexamethasone (this work), which enhance gly-
ogen synthesis, increase both p36 and p46 mRNA.
lucocorticoids stimulate gluconeogenesis as well as
lycogen synthesis and have only a marginal effect on
lucose production (13, 14). Taken together, these
roperties suggest that p46 favors carbon flux through
6P towards glycogen, even if G6Pase activity is con-

omitantly increased. Such mechanism would be com-
atible with the proposition of Aiston et al. (15) that
6Pase acts as a buffer for G6P. G6P hydrolysis might

erve either for glucose export by the liver (increased
36 alone) or to feed a glucose/G6P substrate cycle to
eep intracellular G6P available for glycogen synthesis
increased p46 and p36). This cycle is indeed increased
n diabetes (16) and could be a metabolic adaptation
hereby hyperglycemia appropriately induces both

omponents of the liver G6Pase system (5). Similarly,
yperglycemia partially compensates the down-
egulation of synthase phosphatase induced by insulin
eficiency in diabetes (17).
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