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Abstract The mechanism of action of hydration state was
studied on phosphoenolpyruvate carboxykinase (PCK) gene
expression in isolated rat hepatocytes. Hypoosmolarity de-
creased the level of the PCK mRNA after a lag period of about
60 min. The decreasing effect of hypoosmolarity was totally
blocked by inhibitors of both protein synthesis and gene
transcription. Moreover, hypoosmolarity specifically increased
the synthesis of a 45 000 Mr protein, which decreased in the
presence of inhibitors of transcription. A close relationship
between the synthesis of the 45 000 Mr protein and the decrease
in the PCK mRNA level was observed, suggesting that this
protein might potentially be involved in the regulation of the level
of the PCK mRNA by cell swelling.
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1. Introduction

In 1994, Newsome et al. [1] reported that cell swelling de-
creased and cell shrinkage increased the level of the phospho-
enolpyruvate carboxykinase (EC 4.1.1.32; PCK) mRNA in
perfused rat liver and in H4IIE hepatoma cells. Although
such modulations were recently con¢rmed [2] and extended
to isolated rat hepatocytes [3], there is no information avail-
able concerning the mechanism by which changes in cell
volume may modulate the level of the PCK mRNA. Searching
to identify this mechanism, we observed that the decreasing
e¡ect of cell swelling required a lag period (more than 60 min)
using isolated rat hepatocytes. Interestingly, cell swelling has
been reported to increase the level of the L-actin mRNA
through a transcriptional mechanism without any lag period
[4]. Since cell shrinkage has been reported to decrease hepatic
protein synthesis [5], the lag period observed in the e¡ect of
cell swelling on the PCK mRNA might correspond to the
time required for the synthesis of a protein involved in this
e¡ect.

This work was therefore undertaken to test this possibility.
The obtained results clearly demonstrate that protein synthe-
sis is involved in the modulation of the level of the PCK
mRNA by changes in cell volume. The results also demon-
strate that cell swelling speci¢cally increased the synthesis of a
45 000 Mr protein.

2. Materials and methods

2.1. Materials
K-Amanitin, cordycepin, cycloheximide, 5,6-dichloro-1L-D-ribofura-

nosylbenzimidazole (DRB), emetin and puromycin were purchased
from Sigma. Actinomycin D was from Calbiochem and guanidinium
thiocyanate was from Fluka (Basel, Switzerland). L-[35S]Methionine,
[K-32P]dCTP (speci¢c activity 3000 Ci/mmol) and Hyper¢lm MP were
from Amersham. The probes used were the full-length chicken L-actin
cDNA provided by Dr D.W. Cleveland [6], an insert of rat PCK
cDNA provided by Dr. R.W. Hanson [7] and an insert of rat glycer-
aldehyde-3-phosphate dehydrogenase (GAPDH) (EC 1.2.1.12) used as
internal control, provided by Dr. J.M. Blanchard [8]. Other biochem-
ical reagents were of analytical grade.

2.2. Isolated liver cells
Hepatocytes were prepared as described previously [9] from 24 h

starved male Wistar rats (200^220 g). The cells (usually 50^70 mg wet
weight/ml) were shaken (165 strokes/min) in stoppered scintillation
vials at 37³C for the indicated times. The standard incubation medium
was a Krebs-Henseleit bicarbonate bu¡er at pH 7.4. Hypo- and hy-
perosmotic media were obtained by decreasing (350 mM) or increas-
ing (+35 mM), respectively, the NaCl concentration of the bu¡er. All
media were in equilibrium with a gas phase of O2/CO2 (19:1). For
RNA determination, the cells were spun down rapidly at +4³C
(2000U g, 30 s) at the end of the incubation period and the pellets
stored at 380³C.

2.3. Extraction and analysis of cellular RNA
Isolation of total RNA was performed by a guanidinium thiocya-

nate procedure [10]. RNA was separated on 1.5% agarose/formalde-
hyde gels and transferred to nylon membrane for Northern hybrid-
ization. Membranes were hybridized using random oligonucleotide-
primed 32P-labelled insert as described [11]. Filters were washed and
exposed to Hyper¢lm at 380³C using intensifying screens. Relative
densities of the hybridization signals were quanti¢ed by scanning the
¢lms with a Shimadzu densitometer. To correct for di¡erences in
RNA loading, all the results were expressed as the ratio of the
scanned values for L-actin or PCK mRNAs versus those for GAPDH
mRNA (relative level).

2.4. Determination of protein synthesis
L-[35S]Methionine was added to the incubation medium at 20 nM

(1000 Ci/mmol). At the end of incubation, hepatocytes were diluted in
an equal volume of ice-cold 10 mM HEPES bu¡er, pH 7.4, and spun
down rapidly (1 min at 500Ug). The cell pellet was immediately
resuspended in 1 ml of cold bu¡er and homogenized with a Dounce
homogenizer (30 strokes). The cell extract was clari¢ed by centrifuga-
tion (10 000Ug, 10 min). 10 Wl supernatant was subjected to SDS-
PAGE in 8% (w/v) polyacrylamide gel (minigel or 18U24 cm gel).
After electrophoresis, the gel was stained with Coomassie blue and
exposed to Hyper¢lm for autoradiography. Standard molecular
weight markers (Sigma) were run in parallel to calculate relative mo-
lecular masses.

2.5. Expression of the results
The results are expressed as means þ S.E.M. for the observations on

the indicated number (n) of di¡erent cell preparations. Statistical sig-
ni¢cance of di¡erences was calculated with Student's t-test for paired
data.
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3. Results and discussion

3.1. Inhibitors of protein synthesis totally blocked the
decreasing e¡ect of hypoosmolarity on the PCK
mRNA level

Hepatocytes isolated from 24 h fasted rats were incubated
for di¡erent periods of time in hypo- and hyperosmotic me-
dia. As shown in Fig. 1A, hypoosmolarity decreased the level
of the PCK mRNA and this e¡ect appeared signi¢cant 90 min
after the beginning of the incubation. However, the hypoos-
motic medium was obtained by decreasing the NaCl concen-
tration. Thus, an e¡ect of the change in the NaCl concentra-
tion could not be excluded to explain the observed decrease in
the level of the PCK mRNA. The e¡ect of ra¤nose addition
was therefore tested on the level of the PCK mRNA in hypo-
osmotic condition. Hepatocytes were incubated for 2 h in
hypoosmotic condition with or without ra¤nose. Addition
of 80 mM ra¤nose inhibited the decreasing e¡ect of hypoos-
molarity on the level of the PCK mRNA (100%, hyper;
38.5 þ 5.8%*, hypo; 77.0 þ 6.3%*, hypo+ra¤nose; n = 5;
P6 0.05). These results (i) con¢rmed that cell swelling was
responsible for the decreasing e¡ect of hypoosmolarity on
the level of the PCK mRNA and (ii) demonstrated that the
e¡ect of cell swelling required a lag period greater than 60

min. The notion of a lag period in the e¡ect of hypoosmolar-
ity on the regulation of the expression of the PCK gene was
also reinforced by the fact that, in the same experiments, the
e¡ect of hypoosmolarity on the level of the L-actin mRNA
appeared in the ¢rst minutes of the incubation period (Fig.
1B). Then, we tested the in£uence of inhibitors of protein
synthesis on the decreasing e¡ect of hypoosmolarity on the
level of the PCK mRNA. Hepatocytes were therefore incu-
bated in hypoosmotic medium with or without emetin (a
known inhibitor of protein synthesis) [12]. As shown in Fig.
2, addition of 0.1 mM emetin blocked the decreasing e¡ect of
hypoosmolarity on the PCK mRNA level and the obtained
mRNA level was not signi¢cantly di¡erent from that meas-
ured in hyperosmotic condition (0.36 þ 0.07, hypo;
1.13 þ 0.09*, hypo+emetin; 1.03 þ 0.10*, hyper; n = 5;
P6 0.05). The same inhibitory e¡ect was obtained using cy-
cloheximide or puromycin, two other known inhibitors of
protein synthesis (not shown). Moreover, emetin was without
any signi¢cant e¡ect on the level on the PCK mRNA in hep-
atocytes incubated in hyperosmotic conditions (1.03 þ 0.10,
hyper; 1.04 þ 0.03, hyper þ emetin; n = 5) (see also Fig. 2).
These results demonstrate that protein synthesis was involved
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Fig. 1. Time course study of the e¡ect of hypoosmolarity on the level of PCK and L-actin mRNAs. Hepatocytes were incubated with 5 mM
glucose in hypo- or hyperosmotic media for di¡erent periods of time. Total RNA was extracted and 20 Wg aliquots analyzed by Northern blot.
They were probed successively with the PCK, the L-actin and the GAPDH cDNAs. The results are means þ S.E.M. for six di¡erent cell prepa-
rations. *, Signi¢cantly di¡erent from the 0 min values. A: In£uence of hypoosmolarity on the level of the PCK mRNA. (a), hypo; (b), hyper.
B: Comparison of the e¡ect of hypoosmolarity on the level of the PCK and L-actin mRNAs. (E) PCK; (F) L-actin.

Fig. 2. In£uence of emetin on the e¡ect of hypoosmolarity on the
PCK mRNA level. Hepatocytes were incubated for 2 h in the pres-
ence of 5 mM glucose in hypo- or hyperoosmotic condition with or
without emetin (0.1 mM). Total RNA was extracted and 20 Wg ali-
quots analyzed by Northern blot. They were probed successively
with the PCK and the GAPDH cDNAs.

Fig. 3. In£uence of inhibitors of transcription on the e¡ect of hypo-
osmolarity on the PCK mRNA level. Hepatocytes were incubated
for 2 h in hypoosmotic condition in the presence of 5 mM glucose
with or without actinomycin D (0.5 Wg/ml), K-amanitin (0.5 Wg/ml)
or cordycepin (50 Wg/ml). Total RNA was extracted and 20 Wg ali-
quots analyzed by Northern blot. They were probed successively
with the PCK and the GAPDH cDNAs.
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in the decreasing e¡ect of hypoosmolarity on the PCK mRNA
level.

3.2. Inhibitors of gene transcription totally blocked the
decreasing e¡ect of hypoosmolarity on the PCK
mRNA level

To specify the modalities of action of hypoosmolarity, we
tested the in£uence of inhibitors of gene transcription. Hep-
atocytes were incubated for 2 h in hypoosmotic medium with
or without actinomycin D, a known inhibitor of gene tran-
scription. Fig. 3 shows that actinomycin D totally blocked the
decreasing e¡ect of hypoosmolarity on the level of the PCK
mRNA (0.22 þ 0.04, hypo; 1.31 þ 0.11*, hypo+actinomycin
D; 1.16 þ 0.21*, hyper; n = 5; P6 0.05). The same inhibitory
e¡ect was obtained using K-amanitin or cordycepin, two other
known inhibitors of transcription (Fig. 3). This was also ob-
served when using DRB, another inhibitor of transcription
(not shown). This demonstrates that the activation of gene

transcription was involved in the decreasing e¡ect of hypoos-
molarity on the level of the PCK mRNA. Taken together, all
these results clearly demonstrate that an increase in both gene
transcription and protein synthesis was involved in the e¡ect
of hypoosmolarity. This strongly suggests that (i) protein(s)
might be rapidly synthesized under the in£uence of hypoos-
molarity and (ii) this (these) protein(s) might be responsible
for the observed decrease in the level of the PCK mRNA.

3.3. Hypoosmolarity increased the synthesis of a 45 000 Mr

protein
To verify that changes in cell volume rapidly modulate

protein synthesis, hepatocytes were incubated for 2 h in
hypo- and hyperosmotic media with L-[35S]methionine. The
obtained results show that the incorporation of L-
[35S]methionine increased in hepatocytes incubated in hypoos-
motic medium, as compared to hyperosmotic medium (100%,
hyper; 132.9 þ 11.1%*, hypo; n = 6; P6 0.05). Although the
observed increase was smaller than that reported by Stoll et
al. using L-[3H]leucine as marker [5], these results con¢rm that
protein synthesis was higher in hypoosmotic condition than in
hyperosmotic condition. Then, we tried to identify speci¢c
protein(s) whose synthesis particularly increased in hypoos-
motic condition. Total homogenates prepared from the pre-
ceding experiments were therefore subjected to SDS-PAGE
and autoradiographed. As shown in Fig. 4, one major band
corresponding to a 45 000 Mr protein speci¢cally increased in
hepatocytes incubated in hypoosmotic condition. The same
results were obtained in ¢ve independent experiments. Fig. 4
also shows that the addition of ra¤nose decreased the stim-
ulatory e¡ect of hypoosmolarity on the synthesis of the 45 000
Mr protein. This demonstrates that the synthesis of the 45 000
Mr protein was modulated by a change in cell volume. More-
over, Fig. 4 also shows that the synthesis of the 45 000 Mr

protein decreased in the presence of actinomycin D. The same
result was obtained using K-amanitin (not shown). This dem-
onstrated that a transcriptional mechanism was involved.
However, this does not necessarily imply that the transcrip-
tion of the gene corresponding to the 45 000 Mr protein is the
regulatory step. Then, we tried to demonstrate that the 45 000
Mr protein might be involved in the regulation of the level of
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Fig. 4. In£uence of hypoosmolarity on protein synthesis. Hepato-
cytes were incubated for 2 h in the presence of 5 mM glucose with
L-[35S]methionine (20 nM; 1000 Ci/mmol). Total homogenates were
subjected SDS-PAGE in 8% (w/v) polyacrylamide gel (18U24 cm)
for autoradiography as described in Section 2. Left: In£uence of the
addition of ra¤nose on the e¡ect of hypoosmolarity. Hepatocytes
were incubated in hyperosmotic condition or in hypoosmotic condi-
tion with or without ra¤nose (80 mM). Right: In£uence of actino-
mycin D on the e¡ect of hypoosmolarity. Hepatocytes were incu-
bated in hypooosmotic condition with or without actinomycin D
(0.5 Wg/ml).

Fig. 5. Correlation between the level of the PCK mRNA and the
level of the synthesis of the 45 000 Mr protein. Hepatocytes were in-
cubated for 2 h in di¡erent osmotic conditions with 5 mM glucose
in the presence (protein measurement) or in the absence of L-
[35S]methionine (20 nM; 1000 Ci/ mmol) (mRNA measurement).
Total homogenates were subjected to SDS-PAGE and autoradio-
graphed, and the signal corresponding to the 45 000 Mr protein
scanned. Total RNA was extracted and 20 Wg aliquots analyzed by
Northern blot. They were probed successively with the PCK and
the GAPDH cDNAs. A: In£uence of anisotonicity. Correlation co-
e¤cient = 0.86. B: In£uence of the addition of ra¤nose (80 mM) on
the e¡ect of hypoosmolarity. Correlation coe¤cient = 0.99.
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the PCK mRNA. Hepatocytes were incubated for 2 h in dif-
ferent osmotic conditions in the presence of L-[35S]methionine.
The level of both the PCK mRNA and the 45 000 Mr protein
synthesis was measured. As shown in Fig. 5A, the 45 000 Mr

protein synthesis increased concomitantly with the decrease in
the osmolarity of the extracellular medium, and a close rela-
tionship may be established between the level of the PCK
mRNA and the synthesis of the 45 000 Mr protein. Similar
results were obtained in two independent experiments. To
specify that the relationship involved changes in cell volume,
hepatocytes were incubated for 2 h in hyperosmotic condition
and in hypoosmotic condition with or without ra¤nose (80
mM). As shown in Fig. 5B, such a relationship may also be
established in these experimental conditions. Taken together,
these results strongly suggest that the 45 000 Mr protein might
be involved in the modulation of the level of the PCK mRNA
by changes in cell volume. Interestingly, two proteins were
recently shown to regulate the PCK mRNA degradation: a
100 000 Mr protein [13] and a 24 500 Mr protein [14]. This
suggests that the 45 000 Mr protein might be di¡erent from
these two identi¢ed proteins.

In conclusion, the data reported here demonstrate that hy-
poosmolarity decreased and hyperosmolarity increased the
PCK mRNA level indirectly through an inverse modulation
of protein synthesis. This is, to our knowledge, the ¢rst report
that modulations of hydration state required protein synthesis
to regulate gene expression in the liver. Moreover, the data
reported here demonstrate that changes in cell volume mod-
ulate the synthesis of a 45 000 Mr protein. However, the in-

volvement of the 45 000 Mr protein in the modulation of the
PCK mRNA level remains to be ¢rmly established.

References

[1] Newsome, W.P., Warskulat, U., Noe, B., Wettstein, M., Stoll, B.,
Gerok, W. and Hauëssinger, D. (1994) Biochem. J. 304, 555^560.

[2] Warskulat, U., Newsome, W.P., Noe, B., Stoll, B. and
Hauëssinger, D. (1996) Biol. Chem. Hoppe-Seyler 377, 57^65.

[3] Lavoinne, A., Husson, A., Quillard, M., Cheèdeville, A. and Fair-
and, A. (1996) Eur. J. Biochem. 242, 537^543.

[4] Husson, A., Quillard, M., Fairand, A., Cheèdeville, A. and La-
voinne, A. (1996) FEBS Lett. 394, 353^355.

[5] Stoll, B., Gerok, W., Lang, F. and Hauëssinger, D. (1992) Bio-
chem. J. 287, 217^222.

[6] Cleveland, D.W., Lopata, M.A., Mac Donald, R.J., Cowan,
N.J., Rutter, W.J. and Kirschner, M.W. (1980) Cell 20, 95^105.

[7] Yoo-Waren, H., Cimbala, M.A., Felz, K., Monahan, J.E., Leis,
J.P. and Hanson, R.W. (1981) J. Biol. Chem. 256, 10224^10227.

[8] Fort, P., Marty, L., Piechaczyk, M., El Sabrouty, S., Dani, C.,
Jeanteur, P. and Blanchard, J.M. (1985) Nucleic Acids Res. 13,
1431^1442.

[9] Marchand, J.C., Lavoinne, A., Giroz, M. and Matray, F. (1979)
Biochimie 61, 1273^1282.

[10] Chomczynski, P. and Sacchi, N. (1987) Anal. Biochem. 162, 156^
159.

[11] Renouf, S., Buquet, C., Fairand, A., Benamar, M. and Husson,
A. (1993) Biochem. J. 291, 609^613.

[12] Claeyssens, S., Franc,ois, A., Cheèdeville, A. and Lavoinne, A.
(1995) Biochem. J. 693^696.

[13] Nachaliel, N., Jain, D. and Hod, Y. (1993) J. Biol. Chem. 268,
24203^24209.

[14] Heise, T., Nath, A., Jungermann, K. and Christ, B. (1997) J. Biol.
Chem. 272, 20222^20229.

FEBS 19844 20-2-98

M. Quillard et al./FEBS Letters 423 (1998) 125^128128


