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ABSTRACT The control of 6-phosphofructo-2-kinase/
fructose-2,6-bisphosphatase (PFK-2/FBPase-2; EC
2.7.1.105/3.1.3.46) gene expression during liver regeneration
was studied. The level of PFK-2/FBPase-2 mRNA decreased to
about 5% of the control value 6 hr after partial hepatectomy.
Thereafter the mRNA increased to a maximum at 48 hr and
returned to normal levels by 96 hr. In sham-operated animals,
only a small increase was observed during the first 4 hr. The
mRNA was recognized by a 299-base-pair liver-specific cDNA
probe but not by a muscle-specific probe. The time course of
mRNA modulation was well correlated with PFK-2/FBPase-2
activity and with the amount of bifunctional enzyme protein
determined by immunoblotting with an antibody raised against
the N-terminal decapeptide of liver PFK-2/FBPase-2. No alter-
ation in the degradation rate of PFK-2/FBPase-2 mRNA was
noted after partial hepatectomy. The modulation of PFK-
2/FBPase-2 gene expression during liver regeneration involved
changes in the transcription rate. The rate decreased by 50% at
6 hr after liver resection. The rate increased thereafter to a
maximum at 72 hr and then returned to control values by 96 hr.
The transcription rate of albumin did not change, whereas that of
phosphoenolpyruvate carboxykinase increased 12-fold at 6 hr.
These results show that PFK-2/FBPase-2 gene transcription is
specifically regulated and that this regulation is in part responsible
for the alterations in hepatic metabolism seen in regenerating
liver.

The surgical removal of 70% of the liver induces a partially
synchronized growth response that leads to the rapid resto-
ration of organ mass. The molecular signals controlling this
growth process are being rapidly defined. Several serum
factors, nutrient effects, new growth factors with apparent
liver specificity, and gene expression patterns for previously
known growth factors control the growth process (for review
see refs. 1 and 2). In the liver that remains after partial
hepatectomy there are marked changes in composition and
energy metabolism even before mitotic activity increases.
Hepatic metabolism is shifted from utilization of carbohy-
drates to increased utilization of lipids (3), and gluconeogen-
esis increases while glycolysis decreases to maintain glucose
homeostasis (4, 5). During this process, fructose 2,6-
bisphosphate (Fru-2,6-P,), the most potent allosteric activa-
tor of 6-phosphofructo-1-kinase (PFK-1, EC 2.7.1.11) and
inhibitor of fructose-1,6-bisphosphatase (FBPase-1, EC
3.1.3.11), is markedly decreased, resulting in an inhibition of
PFK-1 and activation of FBPase-1 (6). In this situation, net
gluconeogenesis is enhanced, glycolysis is suppressed, and
futile cycling of metabolites is avoided.
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Hormonal regulation of hepatic glycolysis and gluconeo-
genesis is mediated by phosphorylation/dephosphorylation
and control of gene expression of several key regulatory
enzymes (7). 6-Phosphofructo-2-kinase/fructose-2,6-
bisphosphatase (PFK-2/FBPase-2; EC 2.7.1.105/3.1.3.46) is
a bifunctional enzyme that catalyzes both the synthesis and
the degradation of Fru-2,6-P, (7, 8). This enzyme is regulated
by substrates and effectors and by cAMP-dependent protein
kinase-catalyzed phosphorylation. Changes in the phosphory-
lation state of the enzyme are responsible for acute hormonal
regulation of Fru-2,6-P, levels (8-10) and contribute to the
changes in this regulatory metabolite during liver regenera-
tion (6).

Hepatic PFK-2/FBPase-2 is also subject to complex mul-
tihormonal long-term control through regulation of its gene
expression (11). Although bifunctional enzyme gene expres-
sion is not decreased in starvation (12), it is increased by
insulin in diabetic rats (12) and by triiodothyronine in hy-
pothyroid rats (13). In adrenalectomized animals, the admin-
istration of glucocorticoids increases the PFK-2/FBPase-2
mRNA levels by increasing transcription of the gene (14). In
primary cultures of hepatocytes, both insulin and thyroxine
act synergistically with glucocorticoids to induce PFK-2/
FBPase-2 mRNA (15). PFK-2/FBPase-2 gene transcription
is also regulated by insulin, glucocorticoids, and cAMP in rat
hepatoma cells (16).

Our objective was to determine whether PFK-2/FBPase-2
gene expression is modulated during rat liver regeneration
and, if so, to investigate the mechanism(s) of that regulation.
We observed a decrease in PFK-2/FBPase-2 mRNA 6 hr
after liver resection, followed by a dramatic increase in the
mRNA during liver regeneration. These alterations in mRNA
level involved changes in the rate of transcription.

EXPERIMENTAL PROCEDURES

Chemicals. [y-*P]JATP (3000 Ci/mmol; 1 Ci = 37 GBq),
[a-*?P1dCTP (3000 Ci/mmol), [a->*P]JUTP (3000 Ci/mmol),
and nylon membranes were from New England Nuclear and
Amersham. Enzymes and other biochemical reagents were
from Boehringer Mannheim or Sigma. All chemicals were of
analytical grade.

Animals. Fed male Sprague-Dawley rats (180-220 g) were
subjected to a 12 hr light/12 hr dark cycle (light starting at
8:00 a.m.). To minimize the diurnal variation in liver DNA
synthesis (17), partial hepatectomy (laparotomy and removal
of two-thirds of the liver) or sham operation (laparotomy) was

Abbreviations: Fru-2,6-P,, fructose 2,6-bisphosphate; PFK-2,
6-phosphofructo-2-kinase; FBPase-2, fructose-2,6-bisphosphatase;
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hatase; PEPCK, phosphoenolpyruvate carboxykinase.
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performed between 8 and 10 a.m. under diethyl ether anes-
thesia (18). Control rats were not subjected to either anes-
thesia or surgery. The animals were decapitated, and liver
and skeletal muscle were removed and quickly freeze-
clamped and placed in liquid nitrogen.

Metabolite and Enzyme Assays. Fru-2,6-P, was extracted
and measured as described (19). PFK-2 activity was mea-
sured at pH 8.5 (20) after partial purification of the extract
with PEG-6000 (6-21%). FBPase-2 activity was also mea-
sured after partial purification, at pH 7.5 (6). Protein con-
centration was determined (21) with bovine serum albumin as
standard.

Western Blot Analysis. Immunoblot analysis was per-
formed essentially as described (22) with a 1:200 dilution of
polyclonal antibody raised against a synthetic decapeptide
(GELTQTRLQK) corresponding to the N terminus of liver
PFK-2/FBPase-2 (23). This antibody was a gift from Louis
Hue (Louvain University, Belgium).

RNA Analysis and DNA Hybridization Probes. Total RNA
was extracted from frozen rat tissues by the LiCl/urea
method (24). Northern blot analysis was carried out by
standard procedures (25). To detect PFK-2/FBPase-2
mRNA from adult liver or muscle, a common 1.4-kilobase
(kb) EcoRI fragment was isolated from the cDNA for PFK-
2/FBPase-2 (12). This fragment contained the sequence
transcribed from exons 3-14 of the gene (26, 27). To specif-
ically detect the liver form of the mRNA, a 0.3-kb EcoR1/Ban
II fragment that included only sequences from the first exon
was isolated and used as a probe. A muscle-specific probe
was obtained from a 1.1-kb Hae III restriction fragment
isolated from a genomic clone in the phage Charon 4A (16).
We also examined the abundance of the mRNA for rat serum
albumin as a control, because its level was not changed
during liver regeneration (28, 29). A 1.1-kb Pst 1 fragment
isolated from a cDNA clone (pRSA 13) for the rat protein (30)
was used as a hybridization probe.

Isolation of Liver Nuclei and Run-On Transcription Analy-
sis. Liver nuclei were isolated (31) and the final pellet was
resuspended in 40 mM Tris-HCI, pH 8.0/10 mM MgCl,/0.1
mM EDTA/40% (vol/vol) glycerol and stored at —80°C.
After run-on transcription in isolated nuclei (32), labeled
RNA products were extracted and hybridized (33) to nylon
membrane containing two tissue-specific DNAs for PFK-2/
FBPase-2: the muscle-specific genomic 1.1-kb Hae III re-
striction fragment and the liver-specific genomic 1.6-kb
EcoRI-Xba 1 fragment (16). The phosphoenolpyruvate car-
boxykinase (PEPCK, EC 4.1.1.32) DNA was the pPCK-B7.0
genomic clone (kindly supplied by Richard W. Hanson, Case
Western Reserve University, Cleveland) (34). The other
DNAs were pRSA 13 for albumin and pBS and pBR322
vectors as controls for background hybridization.

Isolation and Incubation of Hepatocytes. Hepatocytes were
prepared from male rats 2 hr after partial hepatectomy and
from control rats (20). Actinomycin D was added after the
preincubation. At the appropriate times, samples of the cell
suspension were removed and centrifuged at 350 x g for 5
min at 4°C. The supernatants were discarded and the pellets
were frozen in liquid nitrogen. RN A extraction and Northern
blot analysis were carried out as described above.

RESULTS

Effect of Partial Hepatectomy on Hepatic PFK-2/FBPase-2
Activities. We reported previously (6) that after liver resection
Fru-2,6-P, decreased compared with the levels in control
animals and did not increase until after the seventh day. These
different levels of Fru-2,6-P, could be due to changes in the
concentration of the bifunctional enzyme and/or to covalent
modification. cAMP increased immediately after partial hep-
atectomy, and cAMP-dependent protein kinase-catalyzed
phosphorylation accounted, in part, for the decrease in Fru-
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2,6-P, (6). To determine whether the amount of protein
changed after liver resection and during liver regeneration, we
measured PFK-2 activity under conditions where phosphor-
ylation had no effect. Under these conditions, activity mea-
surements reflect the amount of enzyme protein (12). We
observed a 30% decrease in PFK-2 activity after 12 hr, and
activity remained low for 7 days but was restored by 10 days
(Fig. 1). Activity was measured after partial purification of the
extract by PEG-6000 (6-21%) precipitation with saturating
concentrations of Fru-6-P and ATP (V. conditions) (9, 20).
We have also measured FBPase-2 activity after PEG-6000
fractionation at pH 7.5, under conditions that reflect phos-
phorylation-induced changes in enzyme activity. There was a
decrease in the kinase/bisphosphatase ratio, with a minimum
at 12 hr that suggests an increase in the FBPase-2 activity as
a consequence of the phosphorylation of enzyme by cAMP-
dependent protein kinase, concomitant with an increase in
cAMP (6). After 12 hr, the activity ratio was not significantly
changed compared with normal values. The results indicate
that the decrease in Fru-2,6-P, during hepatic regeneration
correlates both with a decrease in enzyme protein and with an
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Fic. 1. Effect of partial hepatectomy on PFK-2/FBPase-2 ac-
tivities. Each bar represents the mean + SEM for three to five rats.
Statistically significant differences between hepatectomized and
control animals are indicated: *, P < 0.05; **, P < 0.01.
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increase of enzyme phosphorylation that enhances bisphos-
phatase activity and inhibits kinase activity.

To confirm that the assay conditions employed to measure
kinase activity (Fig. 1) reflected the amount of enzyme
protein, we used immunoblotting with an antibody raised
against the N-terminal decapeptide of liver PFK-2/FBPase-2
(23). The amount of immunodetectable protein (55 kDa)
correlated with kinase activity (Fig. 2).

Time Course of Changes in PFK-2/FBPase-2 mRNA Levels
During Liver Regeneration. To determine whether the abun-
dance of PFK-2/FBPase-2 was correlated with the amount of
bifunctional enzyme, Northern blot analysis was done with
RNA from regenerating liver and a 1.4-kb cDNA probe. The
PFK-2/FBPase-2 mRNA had the same size (2.2 kb) as the
adult liver form and no other mRNA forms were detected
(Fig. 3 Upper). The mRNA decreased transiently to =5% of
the control level within the first 6 hr. The mRNA then
increased to a level 4-fold higher than the control, with a
maximal mRNA accumulation at 48—60 hr, and returned to
near basal level by 96 hr (Fig. 3 Lower). This time course
correlates very well with the induction of total DNA reported
during liver regeneration: within 12-16 hr after hepatectomy,
liver cells initiate DNA synthesis and continue to proliferate
until the hepatic mass is restored (1, 2).

To study the effect of anesthesia, surgical stress, and/or
decreased food intake of hepatectomized animals, we studied
the PFK-2/FBPase-2 mRNA accumulation of sham-operated
rats by Northern blot analysis (Fig. 4). The PFK-2/FBPase-2
mRNA levels of sham-operated animals were different from
those of hepatectomized animals. After a small increase during
the first hours, the mRNA returned to basal levels after 6 hr
and remained constant for the duration of the experiment.

Since the liver/skeletal muscle PFK-2/FBPase-2 gene
encodes two different isozymes by alternative splicing (12,
23, 26), it was of interest to examine which isozyme was
expressed during hepatic regeneration. Because the 1.4-kb
probe hybridizes with mRNAs of both isozymes, we mea-
sured the amount of liver-specific mnRNA by using a specific
0.3-kb cDNA probe. This cDNA fragment contains the entire
coding region of the first exon of liver-specific transcript,
including the nucleotides that encode the decapeptide corre-
sponding to the N terminus of liver PFK-2/FBPase-2. The
liver-specific probe hybridized with the RNA from regener-
ating liver, whereas no hybridization was seen with the RNA
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FiG. 2. Amount of PFK-2/FBPase-2 during liver regeneration.
Enzyme protein was measured after a fractionation with PEG-6000
(6-21%). Thirty micrograms of protein was used per lane for SDS/
12% PAGE and then transferred to nitrocellulose and incubated with
the anti-PFK-2/FBPase-2 antibody. (Upper) Representative West-
ern blot. (Lower) The levels were quantified by densitometric
scanning of autoradiograms and expressed relative to the value of
normal liver (0 hr), which was taken as 100%. Data are means + SEM
from three to four rats.
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FiG. 3. Expression of PFK-2/FBPase-2 gene during liver regen-
eration. Total RNA (20 ug per lane) extracted from rat skeletal
muscle (M), normal rat liver (0 hr), or regenerating liver after partial
hepatectomy was transferred to nylon membranes after electropho-
resis and hybridized with cDNA for PFK-2/FBPase-2 (common
probe) and serum albumin (pRSA 13). (Upper) Representative
Northern blot. (Lower) The PFK-2/FBPase-2 mRNA level was
quantified by densitometric scanning of autoradiograms and cor-
rected for the amount of RNA loaded in each lane by comparison
with the bands of the albumin mRNA control. Values are expressed
relative to the value of normal liver (0 hr), which was taken as 100%.
Data are means =+ SEM from three to five rats.

from skeletal muscle. The time course of PFK-2/FBPase-2
mRNA accumulation was the same with the 1.4-kb probe and
the 0.3-kb probe (data not shown). These results strongly
suggest that the isozyme expressed during the hepatic regen-
eration is the adult liver form.
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FiG. 4. PFK-2/FBPase-2 mRNA levels of sham-operated and
hepatectomized animals during liver regeneration. Northern blot
analysis of total RNA (20 ug per lane) extracted from livers of
sham-operated (0) and partially hepatectomized rats (®) was done as
described for Fig. 3. Data are means from three to five rats.
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Transcription Rates of the PFK-2/FBPase-2 and PEPCK
Genes During Liver Regeneration. Hepatic proliferation is
regulated in a complex manner by hormones, growth factors,
and protooncogenes (1, 2). The change in bifunctional en-
zyme mRNA levels could be due to the action of these
factors, through mechanisms involving modulation of tran-
scription, mRNA stability, mRNA processing, transport
from the nuclei, or some combination of all these processes.
The rate of transcription of the PFK-2/FBPase-2 gene was
measured in isolated nuclei from rat liver at 0, 6, 30, 72, and
96 hr after partial hepatectomy. Labeled RNA was extracted
and hybridized with two different genomic DNA fragments.
These fragments represented the 5’ region of the mRNA for
the muscle isozyme, which contains exon la, and the §’
region of the mRNA for the liver isozyme, which contains
exon 1b (16). No RNA transcripts were detected by the
muscle-specific DNA fragment. In contrast, the rate of
transcription was easily measured with the liver-specific
DNA (Table 1). Furthermore, significant differences in the
rate of gene transcription were observed during the time
course of regeneration. The transcription rate reached a
minimum of 50% of the control value after 6 hr of partial
hepatectomy and then increased to a maximum of 2.3 times
the control value at 72 hr (Table 1).

The changes in transcriptional response of the PFK-2/
FBPase-2 gene during the proliferative activation of hepato-
cytes could be due to changes in hormone concentrations. An
increase of plasma glucagon (4, 35, 36), corticosterone (4),
and catecholamines (37) and a slight decrease of insulin (4, 35,
36) occur after partial hepactectomy. Since transcriptional
activation of PEPCK by cAMP and glucocorticoids has been
demonstrated in other systems (38, 39), we also analyzed the
transcriptional regulation of this gluconeogenic enzyme dur-
ing liver regeneration. The transcription rate of this gene
increased 12-fold at 6 hr after partial hepatectomy, remained
high at 30 hr, and decreased at 72 hr (Table 1). The differential
response in the transcription rates of the PFK-2/FBPase-2
and PEPCK genes correlates very well with the opposing role
of the two enzymes in the regulation of glycolytic/
gluconeogenic flux. No significant differences were found in
the transcriptional activity of the albumin gene during hepatic
proliferation (Table 1), consistent with a specific effect on
transcription of the PFK-2/FBPase-2 and PEPCK genes.

The transcriptional regulation of the PFK-2/FBPase-2
gene does not preclude regulation at other pretranslational
levels. Therefore, PFK-2/FBPase-2 mRNA turnover may
also play a role in the regulation of this gene’s expression
during liver regeneration. A half-life of 1.5-3.5 hr has been

Table 1. Transcription of albumin, PEPCK, and
PFK-2/FBPase-2 genes in regenerating rat liver

Relative rate of gene transcription

PFK-2/

Regeneration Albumin PEPCK FBPase-2
time, hr Unit Fold Units Fold Unit(s) Fold

0 0.58 1 1.14 1 1.89 1
6 0.56 1.0 13.60 12.0 0.97 0.5
30 0.46 0.8 4.02 4.3 1.94 1.0
72 0.52 0.9 3.04 1.8 4.38 2.3
9% 0.65 1.1 6.16 5.4 2.34 1.2

Run-on transcription was assayed with nuclei from livers of normal
(0 hr) and partially hepatectomized (6, 30, 72, and 96 hr) rats.
Autoradiographs were scanned by laser densitometry, and the values
were expressed as arbitrary units after subtraction of the value
obtained for vector DNA. Fold values were calculated by assigning
a value of 1 to the rate in the control. Values represent averages of
3 separate experiments. The relative rates of transcription for the
three genes cannot be compared with one another.
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reported for this mRNA (15, 16). Since the largest decrease
in mRNA levels was found at 6 hr, and considering its
half-life, we determined the stability of this mRNA in hepa-
tocytes obtained from rats 2 hr after partial hepatectomy.
The degradation rate of PFK-2/FBPase-2 mRNA was
estimated from the decay rate of the mRNA in hepatocytes
incubated in medium containing actinomycin D (5 ug/ml).
The half-life of this mRNA in hepatocytes from control rats
did not differ from that in hepatocytes obtained 2 hr after
partial hepatectomy (2.5 hr in both cases) (data not shown).
Our results suggest that mRN A stability is not involved in the
change of PFK-2/FBPase-2 mRNA abundance found after
partial hepatectomy. Itis likely that PFK-2/FBPase-2 mRNA
concentration during the prereplicative state of liver regen-
eration is regulated principally at the transcriptional level.

DISCUSSION

Regenerating liver provides a good system for studying in
vivo the metabolic changes that occur during cell prolifera-
tion. Partial hepatectomy causes quiescent hepatocytes to
enter the G; phase of the cell cycle. The sequence of events
that occur during liver regeneration can be divided into two
phases, an initial hypertrophic stage lasting 10-12 hr and a
phase of hyperplasia characterized by a large increase in
DNA replication followed by cell division. Metabolic
changes associated with these phases reflect the differences
in their function (1, 2).

In the prereplicative state, metabolic adaptation occurs to
permit the reduced number of liver cells to maintain hepatic
functions necessary for the survival of the animal. When liver
mass is reduced to =30% of its original value, an increase in
gluconeogenesis and a decrease in glycolysis take place to
maintain glucose homeostasis (4, 5). Fru-2,6-P,, a key reg-
ulatory metabolite of liver carbohydrate metabolism, remains
low during this state (6). Under these conditions, FBPase-1
activity is high and PFK-1 activity low, and the hepatocyte
becomes a producer of glucose. Our results suggest that the
decrease in Fru-2,6-P, is due to regulation of PFK-2/
FBPase-2 enzyme at both the transcriptional and the post-
transcriptional level. This regulation probably reflects the
synergistic action of multiple factors, including circulating
hormones and growth factors (1, 2). The changes found in the
kinase/bisphosphatase activity ratio and PFK-2 activity (Fig.
1) provide a plausible explanation for the rapid decrease in
Fru-2,6-P,. The rat liver isozyme has a cAMP-dependent
phosphorylation site at Ser-32. The weight of evidence now
indicates that the enzyme is phosphorylated immediately
after liver resection, probably as a result of the increase in
cAMP (6). In addition, the decrease in the PFK-2/FBPase-2
mRNA levels observed after partial hepatectomy is consis-
tent with the decline of transcription rate (Table 1). Although
direct evidence is lacking, it is reasonable to postulate that
elevated cAMP might be responsible for the decline in
transcription observed during the first 6 hr, since cAMP has
been shown to decrease PFK-2/FBPase-2 mRNA levels in
FTO-2B celis by a transcriptional mechanism (16).

While the PFK-2/FBPase-2 decreases in amount and be-
comes phosphorylated, another gluconeogenic enzyme,
PEPCK, increases in amount immediately after partial hepa-
tectomy (5). The coordinated regulation of blood glucose
concentration also involves the enhanced expression of the
PEPCK gene at the transcriptional level (Table 1). These
results are consistent with the increase in PEPCK mRNA
observed after partial hepatectomy (40). Presumably, the
expression of PFK-2/FBPase-2 and PEPCK genes is regulated
in a reciprocal manner by the same factors. In support of this
view, insulin inhibits transcription of the PEPCK gene (41, 42)
and increases the transcription of the PFK-2/FBPase-2 gene
(16). Although it is likely that glucagon and insulin play an
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essential role, other hormones and factors may also mediate
PFK-2/FBPase-2 gene regulation (1, 2, 40, 43).

The replicative period of liver regeneration starts at about
12 hr. It is associated with hepatocyte DNA synthesis and the
major wave of cell division (1, 2). We previously reported an
increase in Fru-2,6-P, levels in this mitotic state (6). The data
shown here demonstrate that this increase correlates with
transcriptional activation and PFK-2/FBPase-2 mRNA ac-
cumulation and with an increase in the bifunctional enzyme
protein. The changes in transcription rate are probably due to
a decrease in glucagon/insulin ratio and/or an increase in
glucocorticoid levels (4).

One could argue that the differences in the PFK-2/
FBPase-2 mRNA accumulation found during liver regener-
ation were due to surgical stress, anesthesia, and/or differ-
ences in nutritional state. The differences in PFK-2/
FBPase-2 mRNA accumulation found between sham-
operated and hepatectomized animals suggest that stress and
anesthesia do not influence the effect of hepatectomy. The
modest early increase in PFK-2/FBPase-2 mRNA in sham-
operated rats may be a consequence of surgical stress and/or
anesthesia, as has been shown for the mRNAs of other
proteins (28). A role for nutritional factors during liver
regeneration has been reported (1, 17, 44). However, they do
not play a role in hepatectomy-induced changes in PFK-2/
FBPase-2 mRNA, since there is no difference between the
PFK-2/FBPase-2 mRNA levels of fed rats and rats starved
for up to 72 hr (12). Our results show that the PFK-2/
FBPase-2 mRNA levels of sham-operated rats are almost
constant during the circadian cycle (Fig. 4). Also, it does not
appear that the increase in PFK-2/FBPase-2 mRNA was a
result of the fasted/refed condition, because it has been
shown that hepatectomized animals eat, albeit less, during
the regeneration process (ref. 45 and data not shown). These
results indicate that the changes in the PFK-2/FBPase-2
mRNA levels during liver regeneration are not dependent on
the nutritional state of the animals.

Several PFK-2/FBPase-2 isozymes have been described in
different tissues (10, 16, 23, 46). These isoforms show dif-
ferences in their PFK-2/FBPase-2 activity ratio, in their
kinetic and antigenic properties, in their sensitivity to phos-
phorylation by protein kinases, and in their protein molecular
weight and mRNA size. The results reported here suggest
that the isozyme expressed during liver regeneration is the
adult liver form. The kinetic differences previously reported
(6) could reflect some posttranslational change.

In conclusion, PFK-2/FBPase-2 gene expression is regu-
lated in response to hepatic insult. This modulation is probably

ediated by hormones and other factors that regulate tran-
gcl:riptional and posttranscriptional events and is consistent
with the important physiological role of PFK-2/FBPase-2 in
the control of hepatic glycolysis and gluconeogenesis.

We thank J. L. Denan, R. W. Hanson, and L. Hue for their
generous gifts of pRSA 13, pPCK-B7.0, and antibody against the
synthetic decapeptide, respectively. We thank F. Ventura and J.
Rodrigues for technical help and critical reading of the manuscript and
C. J. Ciudad for valuable help with the run-on experiments. %I-
labeled protein A was kindly supplied by C. Enrich. J.L.R. is recipient
of a research fellowship from the Ministry of Education, Spain. This
work was supported by the Direction General de Investigacion Cien-
tifica y Técnica (PM89-049 to R.B. and PB88-0561 to A.T.) and by the
National Institutes of Health (Grant DK38354 to S.J.P.).

Fausto, N. & Mead, J. E. (1989) Lab. Invest. 60, 4-13.

Michalopoulos, G. K. (1990) FASEB J. 4, 176-187.

Simek, J., Chmelar, V., Melka, J., Pazderka, J. & Charvat, Z. (1967)

Nature (London) 213, 910-911.

4. Leffert, K. L., Koch, K. S., Moran, T. & Rubacalva, B. (1979)
Gastroenterology 76, 1470-1482.

5. Katz, N. (1979) Eur. J. Biochem. 98, 535-542.

W

—

13.
14.

15.
16.

17.
18.

19.
20.
21.

22.
23.

25.

26.
27.

28.
29.
30.

31.
32.
33.
34.
35.
36.
37.
38.
39.

41.

42.
43.

45.

=S v ®N o

Proc. Natl. Acad. Sci. USA 89 (1992)

Rosa, J. L., Ventura, F., Carreras, J. & Bartrons, R. (1990) Bio-
chem. J. 270, 645-649.

Granner, D. & Pilkis, S. J. (1990) J. Biol. Chem. 265, 10173-10176.
Pilkis, S. J. & El-Maghrabi, M. R. (1988) Annu. Rev. Biochem. 57,
755-783.

Van Schaftingen, E. (1987) Adv. Enzymol. Relat. Areas Mol. Biol.
59, 315-395.

Hue, L. & Rider, M. H. (1987) Biochem. J. 245, 313-324.

Pilkis, S. J., El-Maghrabi, M. R. & Claus, T. H. (1990) Diabetes
Care 13, 582-599.

Colosia, A. D., Marker, A. J., Lange, A. J., El-Maghrabi, M. R.,
Granner, D. K., Tauler, A., Pilkis, J. & Pilkis, S. J. (1988) J. Biol.
Chem. 263, 18669-18677.

Wall, S. R., Van den Hove, M. F., Crepin, K. M., Hue, L. &
Rousseau, G. G. (1989) FEBS Lett. 257, 211-214.

Marker, A. J., Colosia, A. D., Tauler, A., Solomon, D. H., Cayre,
Y., Lange, A. J., El-Maghrabi, M. R. & Pilkis, S. J. (1989) J. Biol.
Chem. 264, 7000-7004.

Kummel, L. & Pilkis, S. J. (1990) Biochem. Biophys. Res. Commun.
169, 406-413.

Cifuentes, M. E., Espinet, C., Lange, A. J., Pilkis, S. J. & Hod, Y.
(1991) J. Biol. Chem. 266, 1557-1563.

Barbiroli, B. & Potter, V. R. (1971) Science 172, 738-741.
Higgins, G. M. & Anderson, R. M. (1931) Arch. Pathol. 12, 186-
202.

Van Shaftingen, E., Lederer, B., Bartrons, R. & Hers, H. G. (1982)
Eur. J. Biochem. 129, 191-195.

Bartrons, R., Hue, L., Van Shaftingen, E. & Hers, H. G. (1983)
Biochem. J. 214, 829-837.

Bradford, M. (1976) Anal. Biochem. 72, 248-254.

Burnette, W. N. (1981) Anal. Biochem. 112, 195-203.

Crepin, K. M., Darville, M. 1., Michel, A., Hue, L. & Rousseau,
G. G. (1989) Biochem. J. 264, 151-160.

Auffray, C. & Rougeon, F. (1980) Eur. J. Biochem. 107, 303-314.
Sambrook, J., Fritsch, E. F. & Maniatis, T. (1989) Molecular
Cloning: A Laboratory Manual (Cold Spring Harbor Lab., Cold
Spring Harbor, NY), 2nd Ed.

Darville, M. 1., Crepin, K. M., Hue, L. & Rousseau, G. G. (1989)
Proc. Natl. Acad. Sci. USA 86, 6543-6547.

Lange, A. J., Kummel, L., El-Maghrabi, M. R., Tauler, A., Colo-
sia, A. D., Marker, A. J. & Pilkis, S. J. (1989) Biochem. Biophys.
Res. Commun. 163, 753-760.

Sobczak, J., Tournier, M. F., Lotti, A. M. & Duguet, M. (1989)
Eur. J. Biochem. 180, 49-53.

Petropoulos, C., Andrews, G., Tamaoki, T. & Fausto, N. (1983) J.
Biol. Chem. 258, 4901-4906.

Sargent, T. D., Wu, J. R., Sala-Trepat, J. M., Wallace, R. B.,
Reyes, A. A. & Bonner, J. (1979) Proc. Natl. Acad. Sci. USA 76,
3256-3260.

Laitinen, J., Sistonen, L., Alitalo, K. & Hélttd, E. (1990) J. Cell
Biol. 111, 9-17.

Clayton, D. F., Harrelson, A. L. & Darnell, J. E., Jr. (1985) Mol.
Cell. Biol. 5, 2623-2632.

Urlaub, G., Mitchell, P. J., Ciudad, C. J. & Chasin, L. A. (1989)
Mol. Cell. Biol. 9, 2868-2880.

Yoo-Warren, H., Monahan, J. E., Short, J., Short, H., Bruzel, A.,
Wynshaw-Boris, A., Meisner, H. M., Samols, D. & Hanson, R. W.
(1983) Proc. Natl. Acad. Sci. USA 80, 3656-3660.

Bucher, N. L. & Weir, G. C. (1976) Metabolism 25, 1423-1425.
Morley, C. G. D., Kuku, S., Rubenstein, A. H. & Boyer, J. L.
(1975) Biochem. Biophys. Res. Commun. 67, 653—-660.

Cruise, J. L., Knechtle, S.J., Bollinger, R. R., Kuhn, C. &
Michalopoulos, G. (1987) Hepatology 7, 1189-1194.

Lamers, W. H., Hanson, R. W. & Meisner, H. M. (1982) Proc.
Natl. Acad. Sci. USA 719, 5137-5141.

Sasaki, K., Cripe, T. P., Koch, S. R., Andreone, T. L., Petersen,
D. D., Beale, E. G. & Granner, D. K. (1984) J. Biol. Chem. 259,
15242-15251.

Mohn, K. L., Laz, T. M., Melby, A. E. & Taub, R. (1990) J. Biol.
Chem. 265, 21914-21921.

Granner, D. K., Andreone, T., Sasaki, K. & Beale, E. (1983)
Nature (London) 305, 549-551.

O’Brien, R. M. & Granner, D. K. (1990) Diabetes Care 13, 327-339.
Lemaigre, F. P., Durviaux, S. M. & Rousseau, G. G. (1991) Mol.
Cell. Biol. 2, 1099-1106.

Bucher, N. R. L., McGowen, J. A. & Russell, W. E. (1983) in
Nerve, Organ, and Tissue Regeneration: Research Perspectives ed.
Seil, F. G. (Academic, New York), pp. 455-469.

Bonney, R.J., Hopkins, H. A., Walker, P. R. & Potter, V. R.
(1973) Biochem. J. 136, 115-124.

Martin-Sanz, P., Cascales, M. & Bosca, L. (1987) FEBS Lett. 225,
37-42.



