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Abstract

The bifunctional enzyme 6-phosphofructo-2-kinase/fructose 2,6-bisphosphatase (PFK-2) catalyzes the synthesis and degradation of
fructose 2,6-bisphosphate (Fru-2,6-P»), a signalling molecule that controls the balance between glycolysis and gluconeogenesis in several
cell types. Four genes, designated Pfkfbi—4, code several PFK-2 isozymes that differ in their kinetic properties, molecular masses, and
regulation by protein kinases. In rat tissues, Pfkfb3 gene accounts for eight splice variants and two of them, ubiquitous and inducible
PFK-2 isozymes, have been extensively studied and related to cell proliferation and tumour metabolism. Here, we characterize a new
kidney- and liver-specific Pfkfb3 isozyme, a product of the RB2K3 splice variant, and demonstrate that its expression, in primary cul-
tured hepatocytes, depends on hepatic cell proliferation and dedifferentiation. In parallel, our results provide further evidence that ubiq-

uitous PFK-2 is a crucial isozyme in supporting growing and proliferant cell metabolism.
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Fructose 2,6-bisphosphate (Fru-2,6-P,) was discovered
in liver during research into the mechanism of glucagon-
stimulated gluconeogenesis [1,2]. This metabolite is the
most powerful allosteric activator of 6-phosphofructo-1-
kinase, as well as being an inhibitor of fructose-1,6-bis-
phosphatase. Because of its antagonistic actions on these
enzymes, Fru-2,6-P, plays a crucial role in governing flux
along glycolytic and gluconeogenic pathways [1-3]. The
Fru-2,6-P, cellular pull depends on the balance between
the reciprocal reactions of 6-phosphofructo-2-kinase and
fructose 2,6-bisphosphatase from the bifunctional enzyme
PFK-2, which functions as a homodimeric protein with
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these two activities located at separate sites on each protein
subunit [1-3]. Different PFK-2 isozymes have been identi-
fied in mammals and are generated by alternative splicing
of the transcribed RNA from four genes, designated
Pfkfbl—4 [4]. PFK-2 isozymes differ in their kinetic proper-
ties, molecular masses, and responses to phosphorylation
by protein kinases, with the kinase:bisphosphatase activity
ratio being the most important aspect of any given isozyme
[5]. In the adult liver the main isozyme is L-PFK-2, a prod-
uct of the Pfkfbl gene that is modulated by protein kinase
A phosphorylation, which activates its bisphosphatase
activity that breaks down Fru-2,6-P, [5]. In embryonic or
proliferating cells, studies have observed the expression of
the Pfkfb3 gene [6-9]. This gene was originally cloned from
a foetal bovine brain cDNA library [10,11], from placenta
[12] and from a tumour cell line [13]. It has the highest
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kinase:bisphosphatase activity ratio and thus maintains
elevated Fru-2,6-P, levels, which in turn sustain high glyco-
lytic rates in the cell [14]; furthermore, its targeted disrup-
tion results in embryonic lethality [15]. Recently, using
transgenic animals, we demonstrated that overexpression
of Pfkfb3 in mice liver sustains high Fru-2,6-P, levels in
this tissue, resulting in animal weight gain [16]. The two
prevailing forms of Pfkfb3-expressed isozymes are the
ubiquitous (uUPFK-2), which is induced by insulin [8], pro-
gesterone [13], and hypoxia [17,18], and the inducible
(iPFK-2), which is induced by inflammatory stimuli [7].
Both these isoforms are generated through the alternative
splicing of the Pfkfb3 gene [7,19]. In addition, at the cDNA
level, Watanabe et al. [20,21] have reported the occurrence
of eight splice variants of the Pfkfb3 gene in rat tissues,
while Kessler et al. [22] have identified six in human brain,
all of them designated as isoforms differing at their car-
boxyl termini. In rat liver, two Pfkfb3 isoforms have been
identified: RB2K6 and RB2K3 [21]. While the former
was reported as the rat homologue to the human uPFK-2
isozyme, the other isoform (RB2K3) has so far not been
linked to a translated protein. Here, we characterize the
RB2K3 Pfkfb3 splice variant isozyme that is present in
adult rat liver and kidney. Our results demonstrate that
its regulated expression in hepatocytes depends on cell pro-
liferation and dedifferentiation processes, and that this
occurs in the opposite direction to that observed for
uPFK-2. Our observations support the idea that the tis-
sue-specific Pfkfb isozymes are expressed to adapt their
enzymatic properties to the metabolic demand of a partic-
ular tissue or cell status, with PFK-2 isoenzymatic switches
being a crucial phenomenon in development, regeneration,
and cell transformation events.

Materials and methods

Chemicals. Media, sera, and antibiotics were obtained from Life
Technologies, Inc. (Grand Island, NY, USA). Dimethyl sulphoxide
(DMSO) and epidermal growth factor (EGF) were obtained from
SIGMA. Collagen type I was purchased from Biological Industries, and
Matrigel from Becton—Dickinson. Insulin and dexamethasone were
obtained from SIGMA. Restriction enzymes were purchased from
Phermentas.

Animal care and treatment. Male Sprague-Dawley rats purchased from
Harlan Interfarma IBERICA S.L (Spain) were maintained under a con-
stant 12h light-dark cycle and fed a standard rodent chow and water ad
libitum. All animal protocols were approved by the Ethics Committee of
the University of Barcelona. For studies on liver development, caesareans
were performed on timed-pregnant rats under pentobarbital anaesthesia
(50 mg/kg body weight, administered by intraperitoneal injection) on
embryonic days 18 and 20. In adult studies, male rats were anaesthetized
and decapitated, and tissues were dissected, snap frozen in liquid nitrogen
and stored at —80 °C until analysis.

Cell culture. Rat hepatocytes were obtained as in Bartrons et al. [23]
and seeded for 4 h on collagen (4 ug/cmz) or Matrigel (prepared following
manufacturer’s protocol) coated plates with Williams E medium (Bio-
Wittaker, Cambrex Bio Science, Verviers, Belgium) supplemented with
10% foetal bovine serum (Invitrogen), L-glutamine, gentamicin, insulin
(1 nM) and dexamethasone (1 nM). After seeding, cells were cultured with
or without foetal bovine serum, DMSO (1%) or EGF (20 ng/ml) for 24, 48

or 72 h. All incubations were performed in a humidified atmosphere of
10% CO, at 37 °C.

RT-PCR analysis. Total RNA from cultured hepatocytes was extrac-
ted using Ultraspec (Biotecx) and treated with DNasel (Phermentas) to
eliminate genomic DNA contamination. Five micrograms of total RNA
was reverse transcribed using a Ready-To-Go First Strand Isolation Kit
(Amersham Biosciences) using random primers. PCR was performed
using 10 pl of reverse-transcribed RNA with rat Pfkfb3 specific primers P1
and P6 [21]. Amplification products were analyzed in 2% agarose gel
stained with ethidium bromide.

Western blot. Western blot was performed with 50 pg of total tissue
extracts prepared as in [16], or with 50 pg of total cellular protein from
primary hepatocytes using a 50 mM Tris—-HCI pH:6.8, 10% glycerol, and
2% SDS lysis buffer. Proteins were separated in 10% SDS-PAGE and
transferred to an Immobilon membrane (Millipore Corp., Bedford, MA,
USA). Membranes were probed with the following primary antibodies: a
specific polyclonal antibody against the C terminus of uPFK-2 [8], and
anti-LPFK-2, anti-C/EBPo, and anti-PCNA from Santa Cruz Biotech-
nology (Santa Cruz, California, USA). Bound antibody was visualized
with horseradish peroxidase-conjugated sheep anti-rabbit or donkey anti-
mouse antibody. The antigen—antibody complexes were developed by
enhanced chemiluminescence using ECL (Amersham Bioscience). Bands
were quantified by densitometric scanning using Quantity-One software
(Bio-Rad).

Statistics. Results are expressed as the mean =+ standard error. Statis-
tical analysis was always performed by one-way analysis of variance and
the Student’s ¢ test. Values of p <0.05, p<0.01, and p <0.001 were
considered significant.

Results and discussion

Pfkfb3 protein expression in rat tissues and primary
hepatocytes

The Pfkfb3 gene accounts for two reported isozymes,
ubiquitous (uPFK-2) [11], and inducible (iPFK2) [7],
and also for another six different splice variants [20,21],
all of them generated through alternative splicing of the
variable 3’ region of the transcribed mRNA (Fig. 1A).
The study of its protein expression profile in rat tissues,
using a human antibody that recognizes the variable exon
16 (or exon G) of the translated isozyme [8] (Fig. 1A, in
bold capitals), revealed the presence of two reactive
bands. Whereas one of them corresponded to the reported
59 kDa uPFK-2 protein [8,18], the other, with a high
molecular weight, was suspected to correspond to a new
isozyme translated from the previously described RB2K3
isoform [21]. This splice variant differs from uPFK-2 in
an 87 bp variable exon (exon B, in Figs. 1 and 2A), which
adds 29 amino acids to the carboxyl terminus of the pro-
tein without affecting its reading frame. As shown in
Fig. 1B, uPFK-2 was found constitutively expressed in
all tissues, the highest levels being achieved in proliferat-
ing ones. In contrast, the high molecular weight band
was only detected in kidney and liver. In freshly-isolated
rat primary hepatocytes, we detected the same two-band
profile as in whole liver (Fig. 1C, 0h), but during a
72 h culture period on a collagen monolayer, a progres-
sive loss of the undescribed protein was observed, accom-
panying hepatocyte proliferation and dedifferentiation
processes (Fig. 1C).
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Fig. 1. (A) Schematic representation and comparison of the different PFKFB3 protein splice variants. All isoforms are named as in [20,21]. RB2KS5 and
RB2K6 correspond to iPFK-2 and uPFK-2, respectively. The human peptide used in uPFK-2 antibody development is shown in bold, italic capitals.
RB2K3 and uPFK-2 splice variants are both specifically recognized by the uPFK-2 antibody. (B) One hundred micrograms of total protein extracts from
various rat tissues, and (C) fifty micrograms from rat primary hepatocytes cultured on a collagen monolayer at different times were analyzed by Western

blot using the described antibody.

The expression of more than one isozyme in the same
tissue suggests that different isozymes play key roles in dif-
ferent physiological conditions. As reviewed in [3-5], each
PFK-2 monomer comprises a catalytic core (with the
kinase and bisphosphatase activities) and two regulatory
regions at the amino and carboxyl termini. Although, the
core structure is highly conserved among isozymes, there
are important structural variations in their terminal
regions. Consistent with the divergence of the amino-acid
sequences in these regions, it is the use of alternative exons
in processing the primary transcript to generate various
mRNAs that gives rise to the numerous isoforms. The var-
iable terminal regions between uPFK-2 and RB2K3 can
elicit a regulatory function in the enzyme through changes
in its tertiary and quaternary conformations in response to
the multiplicity of effectors, perhaps in a similar manner to
that reported for the different Pfkfbl splice isoforms [4,5].

Pfkfb3 alternative splicing characterization in primary
cultured hepatocytes

Retrotranscribed cDNA from total hepatocyte RNA at
different collagen culture steadies was amplified by PCR
and analyzed in 2% agarose gel. Specific primers P1 and
P6 [21], designed on the two 3’ ¢cDNA constant exons A
and G (or 13 and 16) (Fig. 2A), were used and the expected
371 and 284 bp products, corresponding to RB2K3 and
RB2K6 (uPFK-2) splice variants, respectively, were
detected (Figs. 2B and C). In addition, we performed a

restriction analysis using the Eam 11051 enzyme, with a sin-
gle cut site at the alternative exon B, and this showed that
the 371 bp RT-PCR fragment corresponded to the RB2K3
isoform. Finally, the two PCR products were sequenced,
confirming the hypothesis that two different splice variants
of the Pfkfb3 gene are present in hepatocytes, and that they
correspond to uPFK-2 and RB2K3 isozymes.

uPFK-2 and RB2K3 isozymes are differentially expressed in
hepatocytes depending on cell differentiation and
proliferation

As has been reported, Pfkfb3 gene product is ubiqui-
tously expressed in proliferating tissues, transformed cell
lines, and in various tumours [7-9]. In addition, uPFK-2
has, when compared to the other PFK-2 isozymes, the
highest kinase:bisphosphatase activity ratio; it thus main-
tains elevated Fru-2,6-P, levels, which in turn sustain high
glycolytic rates in the cell [14]. As a result, this gene has
been closely linked to cell proliferation. Rat primary hepa-
tocytes, following tissue disruption of cell—cell contact dur-
ing isolation and during primary culture, exhibit rapid
proliferation and dedifferentiation, progressing in G1 phase
independently of growth factor stimulation, up to the
restriction point located in the mid-late G1 phase of the cell
cycle [24]. However, the amount of time hepatocytes can
maintain their differentiated and quiescent state depends
on cell culture conditions and media [25]. Previous studies
have demonstrated that adhesion to collagen matrix inhib-
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Fig. 2. (A) Upper panel: Diagram of Pfkfb3 gene organization. Exons on variable region are named from A to G. Lower panel: Schematic representation
of 3’ variable region organization (without exons E and F). Alternative spliced exons are shown as grey boxes. Lengths of relevant fragments are expressed
as base pairing (bp). Primers P1 and P6 [21] used in RT-PCR amplification are indicated. (B) RNA from primary hepatocytes at different times was
retrotranscribed and amplified by PCR using P1-P6-specific primers. RT-PCR products were analyzed in 2% agarose gel and stained with ethidium
bromide. Fragments obtained corresponded to RB2K3 (371 bp) and uPFK-2 (284 bp) cDNA amplification, respectively. (C) Comparison of the different
C-terminal exon composition between uPFK-2 and RB2K3 cDNAs. Eam 11051 restriction enzyme cut site is shown. (D) Two hundred and eighty-four
and three hundred and seventy-one base pair RT-PCR fragments were isolated, purified, and analyzed by Eam 11051 restriction. Reaction products were

analyzed in 2% agarose gel.

its hepatocyte cell spreading and cell cycle progression,
while adhesion to collagen film allows cell spreading and
G1-S progression in response to growth factors [25]. On
the other hand, after mitogenic stimulation (with sera,
insulin or growth factors) primary hepatocytes progress
in late G1 and undergo DNA synthesis [26].

As shown in Fig. 3A, hepatocytes cultured on a collagen
matrix (or gel), which maintains cells in a quiescent and dif-
ferentiated state, exhibited a constant RB2K3/uPFK-2
expression ratio across the culture. This feature is especially
consistent during the first 48 h after cell seeding. In con-
trast, hepatocytes cultured on collagen monolayer (or film)
showed a progressive loss in RB2K3 protein levels, which
was reflected by the rapid decrease of the RB2K3/uPFK-

2 expression ratio shown in the graph. When these cultures
were supplemented with media containing 10% FBS as a
mitogenic factor, the decrease in RB2K3 protein content
was accelerated, becoming total at 48 h. This feature was
accompanied by both a rapid induction of uPFK-2 protein
levels and a progressive loss of the adult liver L-PFK-2 iso-
zyme. In order to assess hepatocyte differentiation in each
experimental condition, levels of the typical liver marker
C/EBPa, which regulates many liver-specific genes and is
essential for maintenance of the quiescent and differenti-
ated tissue [27], were monitored in all blots.

A suitable in vivo model for studying hepatocyte matu-
ration and terminal liver differentiation could be the transi-
tion between foetal and adult rat liver. Previous research
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Fig. 3. (A)uPFK-2and RB2K3 protein levels in different hepatocyte culture systems (collagen matrix, collagen monolayer and collagen monolayer with 10%
FBS supplemented media) over 72 h. Fifty micrograms of total protein extracts were analyzed by Western blot against uPFK-2, L-PFK-2, and C/EBPa. in
order to assess cell differentiation. For each point, ratios between RB2K 3 and uPFK-2 protein levels, quantified by densitometric scanning, were represented in
the graph. (B) Fifty micrograms of total protein extracts from rat livers on gestation days 18 and 20 were analyzed and compared to adult levels by Western blot
against uPFK-2, L-PFK-2 and C/EBPu. Extracts from Hela cells overexpressing human uPFK-2 [11] were used as positive control (c+).

on Pfkfbl isozymes [28] has demonstrated that foetal rat
liver contains a form of PFK-2 that exhibits marked differ-
ences from the enzyme expressed in adult liver. In accor-
dance with the results presented above, the experiment
shown in Fig. 3B illustrated the robust link between
RB2K3 isozyme expression and the hepatic differentiated
and quiescent cell state (as shown in adult liver). In con-
trast, the uPFK-2 isozyme was found to be highly
expressed, preferentially, in more undifferentiated and
immature hepatic cells (as can be observed in rat foetal
liver samples), and with a similar profile to that detected
in proliferant hepatocytes on collagen monolayer cultures.

Foetal liver contains certain isozymes of carbohydrate
metabolism which differ from those found in adult tissue,
and this is the case of PFK-2. Pfkfbl has been reported
to account for at least three isoforms (named Foetal, Liver,
and Muscle) that are expressed during the perinatal transi-
tion [28]. In the present study, we demonstrate that Pfkfb3

isozymes are also expressed in liver cells, and that their
switch is specifically regulated depending on hepatocyte
faces.

DMSO and EGF modulate RB2K3 and uPFK-2 expression
in primary cultured hepatocytes

When added to culture media, DMSO is reported to
induce hepatocyte redifferentiation and helps to maintain
normal liver transcription factors (C/EBPa and HNF4).
Therefore, DMSO exhibits a protective effect against dedif-
ferentiation on collagen monolayer-coated hepatocytes
[29]. On the other hand, EGF stimulates hepatocytes to
progress in late G1 phase of the cell cycle and to undergo
DNA synthesis [24-26]. As Fig. 4A shows, the protective
effect of DMSO on hepatocytes was assessed by the main-
tenance of C/EBPa levels at 24 and 48 h, as observed in
samples treated with this compound, whereas the EGF
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Fig. 4. (A) Primary rat hepatocytes cultured on collagen monolayer and treated with/without 1% DMSO and/or 20 ng/ml EGF. Fifty micrograms of total
protein extracts from hepatocyte cultures at 0, 24, 48, and 72 h after treatments were analyzed by Western blot against uPFK-2, PCNA, and C/EBPaq. (B)
Ratios between RB2K3 and uPFK-2 protein levels at each culture point. Significant differences were observed when comparing control and DMSO treated
cells at 24 and 48 h. (C) RB2K3 and (D) uPFK-2 protein expression, expressed as relative values versus 0 h, at 24, 48, and 72 h after each culture condition.
All graph points and bars represent the mean + SEM of the data obtained by densitometric scanning from three independent experiments (“p < 0.05 versus
0h; **p<0.01 versus 0 h; #p < 0.05 between 24 and 48 h; *p < 0.05; p < 0.01; #¥p < 0.001).

mitogenic effect was monitored by detecting the proliferat-
ing cell nuclear antigen (PCNA), a nuclear protein required
for DNA synthesis and repair that is detected in cells in the
S-phase.

Our results show that in the presence of DMSO, the
RB2K3/uPFK-2 expression ratio decreased more slowly,
it being significant at 24 and 48 h when compared to con-
trol cultured hepatocytes (Fig. 4B). Densitometric analysis
of RB2K3 protein levels, expressed as relative values versus
the start point (0 h), revealed significant decreases at 48 and
72 h, and also between 24 and 48 h (Fig. 4C), thus demon-
strating that the hepatocyte dedifferentiation process in col-
lagen monolayer culture is sufficient for RB2K3 isozyme
regulation. When DMSO was added to cells the RB2K3
downregulation profile was delayed, with significant differ-
ences being detected at 48 h. No significant effects on its
expression were found under EGF mitogenic stimulation.
In contrast, uPFK-2 protein levels were significantly
increased both in response to cell culture progression (that
underlies dedifferentiation and proliferation) and, to a
greater extent, after EGF mitogenic stimulation
(Fig. 4C). In DMSO treated conditions, the increase in

uPFK-2 protein was partially inhibited, with significant
differences at 48 h under EGF treatment.

These findings provide the first demonstration of the up-
regulation of the uPFK-2 isozyme in hepatic cell growth
and proliferation. Previous results corroborated its role in
sustaining high glycolytic flux in proliferative cells and its
involvement in cell-cycle progression and anchorage-inde-
pendent growth [30]. Taken together, these results provide
new insights into the crucial role of Pfkfb3 gene expression
in cell proliferation and tumour transformation, and reveal
the part played by PFK-2 isoenzymatic switching in cell
plasticity and metabolic adaptive responses.
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