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GSK3 (glycogen synthase kinase-3) regulation is proposed to play
a key role in the hormonal control of many cellular processes. In-
hibition of GSK3 in animal models of diabetes leads to normal-
ization of blood glucose levels, while high GSK3 activity has
been reported in Type II diabetes. Insulin inhibits GSK3 by pro-
moting phosphorylation of a serine residue (Ser-21 in GSK3«,
Ser-9 in GSK3p), thereby relieving GSK3 inhibition of glycogen
synthesis in muscle. GSK3 inhibition in liver reduces expression
of the gluconeogenic genes PEPCK (phosphoenolpyruvate car-
boxykinase), G6Pase (glucose-6-phosphatase), as well as IGFBP1
(insulin-like growth factor binding protein-1). Overexpression of
GSK3 in cells antagonizes insulin regulation of these genes. In
the present study we demonstrate that regulation of these three
genes by feeding is normal in mice that express insulin-insensitive

GSK3. Therefore inactivation of GSK3 is not a prerequisite for
insulin repression of these genes, despite the previous finding
that GSK3 activity is absolutely required for maintaining their
expression. Interestingly, insulin injection of wild-type mice,
which activates PKB (protein kinase B) and inhibits GSK3 to
a greater degree than feeding (50 % versus 25 %), does not re-
press these genes. We suggest for the first time that although
pharmacological inhibition of GSK3 reduces hepatic glucose
production even in insulin-resistant states, feeding can repress
the gluconeogenic genes without inhibiting GSK3.

Key words: diabetes, glucose, glycogen synthase kinase-3
(GSK3), insulin, phosphoenolpyruvate carboxykinase (PEPCK),
sterol regulatory element binding protein 1 (SREBP1).

INTRODUCTION

The molecular defects that are responsible for the large increase in
occurrence of Type II diabetes are not yet fully understood but are
the subject of intense study. Obesity can promote cellular resis-
tance to insulin, probably by altering the intracellular signalling
processes involved in regulation of glucose homoeostasis (for
review see [1-3]). GSK3 (glycogen synthase kinase-3), an insulin-
inhibited signalling molecule, has been implicated in the hormonal
control of many cellular processes [4]. It was originally identified
as a protein kinase that phosphorylates and inactivates glycogen
synthase in muscle [5]. Two different isoforms of GSK3 are ex-
pressed from distinct genes (GSK3« and GSK3p). They share
greater than 95 % identity in their kinase domains and are ubi-
quitously expressed in mammals [6]. Inhibition of GSK3 can be
achieved through phosphorylation of an N-terminal serine residue
(Ser-21 in GSK3«, Ser-9 in GSK38) [7] and insulin promotes this
phosphorylation by activation of PKB (protein kinase B)/c-AKT
[8]. This signalling pathway from the insulin receptor, involving
PKB activation and GSK3 inhibition results in increased glycogen
synthesis and is a major mechanism by which insulin induces
glycogen synthesis in muscle [9].

Highly selective inhibitors of GSK3 mimic the action of insulin
on glycogen synthesis and hepatic glucose production [10-12].
Insulin controls hepatic glucose production largely through re-
pression of the gluconeogenic genes PEPCK (phosphoenolpyru-
vate carboxykinase) and G6Pase (glucose-6-phosphatase) [11]. A
number of hepatic genes including PEPCK, G6Pase and IGFBP1
(insulin-like growth factor-binding protein-1) share a common

TIRE (thymine rich insulin response element) that can be regu-
lated by several transcription factors such as members of the
Forkhead (FOXO) family [13—15]. Much data supports a pathway
from the insulin receptor to these gene promoters involving
activation of PI3-kinase (phosphoinositol-3 kinase), PDK1 (3-
phosphoinositide-dependent protein kinase-1) [16] and PKB.
Overexpression of active PKB represses the TIRE-containing pro-
moters, potentially through phosphorylation of FOXO [17-19].
However, active PKB will also phosphorylate and inhibit GSK3
[8]. Our laboratory has found that GSK3 overexpression can
decrease the insulin sensitivity of the IGFBP1 gene, as well as the
isolated IGFBP1 TIRE in hepatoma cells [20]. Other transcription
factors such as SREBPIc (sterol regulatory element binding
protein 1c) and CBP (CREB-binding protein where CREB stands
for cAMP-response element-binding protein)/p300 are capable of
affecting insulin regulation of PEPCK [21-23], and SREBPIc is
reported to be a substrate for GSK3 [24]. We hypothesized that
inhibition of GSK3 activity is part of the mechanism that the
hormone uses to repress these insulin response elements.

In an effort to conclusively delineate which of these downstream
targets of PKB is important in the regulation of TIRE containing
gene promoters we have made use of a mouse model in which
GSK3 cannot be regulated by PKB. The genes for GSK3« and
GSK3p8 have been replaced with mutant alleles that contain
alanine at the serine residue targeted by PKB (S21A in GSK3«,
S9A in GSK38). Interestingly, these DKI (double knock-in) mice
are viable and display no signs of overt diabetes, despite insulin
being unable to stimulate glycogen synthase in skeletal muscle
of GSK38 knockin mice [9]. In the present study we show that
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feeding represses PEPCK, G6Pase and IGFBP1 normally in these
mice, demonstrating that phosphorylation of GSK3 by PKB is not
required for insulin regulation of these genes. Similarly, regulation
of SREBPI1c expression and a downstream target gene appear
relatively normal.

EXPERIMENTAL
Materials

Protein G-Sepharose and [**Py]ATP were purchased from
Amersham Pharmacia Biotech, protease-inhibitor cocktail tablets
and Taq Polymerase were purchased from Roche. Restriction
enzymes were from New England Biolabs. Precast SDS poly-
acrylamide Bis-Tris gels and tissue culture reagents were from In-
vitrogen. Human insulin from Novo-Nordisk was obtained from
Ninewells Pharmacy, Dundee. Phosphocellulose P81 paper and
cellulose 31ETCHR paper were from Whatman. Scintillation
fluid was ‘Optiscint Hisafe’ from PerkinElmer. All peptides were
synthesized by Dr Graham Bloomberg at the University of Bristol.

Animals

The generation of the DKI mouse has been described in detail
previously [9]. All animal studies and breeding performed in this
study was approved by the University of Dundee ethical com-
mittee and performed under a U.K. Home Office project license.

Antibodies

The following antibodies were raised in sheep and affinity puri-
fied for the appropriate antigen: total PKB (isolated pleckstrin
homology domain of PKBw«), total GSK3« (residues 471-483
of rat GSK3 o, QAPDATPTLTNSS) used for immunoblotting,
total GSK3p (full-length human protein) used for immuno-
blotting, S6K (S6 kinase; AGVFDIDLDQPEDAGSEDEL-resi-
dues 2544 of human S6K), S6 protein phospho-S235
(AKRRRLS*SLRASTS - residues 229-242 of human S6). The
total PKBw antibody used to immunoprecipitate PKBa was a
mouse monoclonal antibody raised against residues 1-149 of
human PKB and was purchased from Upstate Inc. The following
antibodies were purchased from Cell Signaling Technology:
PKB phospho-S473-P, GSK3w/GSK3S-phospho S21-P/S9-P, S6
protein, S6 kinase phospho-T389. Secondary antibodies coupled
to horseradish peroxidase were from Pierce.

General buffers

Lysis buffer: 50 mM Tris/HCI (pH 7.5), 1 mM EGTA, 1 % (w/v)
Triton X-100, 1 mM sodium orthovanadate, S0 mM sodium
fluoride, 5 mM sodium pyrophosphate, 0.27 M sucrose, 0.1 uM
microcystin-LR, 0.1 % (v/v) 2-mercaptoethanol and Complete™
proteinase inhibitor cocktail (Roche) (one tablet per 50 ml). Buffer
A was 50 mM Tris/HCI (pH 7.5), 0.1 mM EGTA and 0.1 % (v/v)
2-mercaptoethanol.

Preparation of tissue extracts

Following an overnight fast 4 refeeding (for 1 or 6 h), or injection
of insulin (150 mg/g), or a combination of insulin and glucose
(2 mg/g) for 1h, the animal was killed by cervical dislocation
before removal of the liver. This was immediately frozen in liquid
nitrogen. One part was ground and ten volumes of ice-cold lysis
buffer added, the solution vortexed, then centrifuged at 4°C. The
supernatant was collected and protein concentration was mea-
sured according to the method of Bradford [9a], then snap frozen
in aliquots and stored at —80°C. A second piece of frozen liver
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was homogenized in Tri Reagent™ (Sigma) and total RNA
isolated according to the manufacturer’s instructions.

Immunoprecipitation and assay of protein kinases

Liver lysate (500 pg) was used to immunoprecipitate PKBo and
S6K. Kinases were immunoprecipitated and assayed as previously
described [9].

Immunoblotting

Protein lysate (20 ug) in SDS sample buffer was subjected to
SDS/PAGE and transferred to nitrocellulose. For phospho-specific
antibody blots the nitrocellulose membranes were immunoblotted
at 4°C for 16 h using the indicated antibodies (1-2 pg/ml for
sheep antibodies or 500-1000-fold dilution for commercial anti-
bodies) in the presence of 10 pg/ml of the de-phosphopeptide
antigen used to raise the antibody to sheep antibodies. For im-
munoblotting of total PKBe, GSK3« and GSK3g the nitro-
cellulose membranes were immunoblotted for 2 h at room temper-
ature using the antibodies described above. Detection was
performed using horseradish-peroxidase-conjugated secondary
antibodies and the enhanced chemiluminescence reagent.

Measurement of plasma insulin levels

Blood was collected from mice following cervical dislocation and
incubated on ice for 30 min. The blood was then centrifuged at
3000 g for 10 min and the plasma supernatant was collected. The
plasma insulin level was measured using ultra sensitive Insulin
ELISA kit (90060) and mouse insulin standards (90090), both
purchased from Crystal Chem Inc. U.S.A. Plasma (15 ul) was
used for each assay and mouse insulin standards from 0-6 ng/ml
were used in order to generate a standard curve.

RPA (ribonuclease protection assay)

RPA was used to determine the relative expression levels of
IGFBP1, G6Pase and B-actinmRNA. Mouse IGFBP1 and G6Pase
probes were synthesized by in vitro transcription as described
previously [25]. pTRI-B-actin (mouse) linear plasmid (Ambion
Inc.) was used as the control linear template. The RPA was
carried out using the RPA II Kit (Ambion Inc.). Briefly, 10 ug
of total RNA was hybridized to 20000 c.p.m. of each labelled
probe. Samples were incubated with RNase to digest single-
stranded RNA, and double-stranded products were separated on
an 8 M urea/5 % polyacrylamide gel. Radioactivity present in the
appropriate band was quantified on a PhosphorImager (Fuji) and
the data presented as the ratio of IGFBP1 or G6Pase to S-actin
mRNA.

Real-time quantitative RT (reverse transcription)-PCR

cDNA was synthesized from total RNA using Superscript™ II
Reverse Transcriptase Kit (Invitrogen). PCR analysis was carried
out in a model 7700 sequence detector (Applied Biosystems)
with primers and probes as follows: PEPCK 5'-ccatcacctcctgga-
agaaca-3', sense; 5'-accctcaatgggtactccttctg-3’, antisense and 5'-
caggacgcggaaccatgtgec-3', probe; SREBP-1 5'-gcggttggcacag-
agctt-3', sense; 5'-ggacttgctcetgecatcag-3', antisense and 5'-cg-
geetgetatgaggagggtattectacat-3', probe; FAS (fatty acid synthase)
5'-ggcatcattgggcactectt-3',  sense; 5'-gctgcaagcacagcectctct-3,
antisense and 5'-ccatctgcatagccacaggcaacctc-3’, probe. Probes
were synthesized with 5FAM (6-carboxyfluorescein) and
3'-TAMRA (5- and 6-carboxytetramethylrhodamine) modi-
fications. All the mRNA abundancies are presented as ratios
relative to 18S rRNA levels. The 18S rRNA Tagman Control
Reagent was obtained from Applied Biosystems.
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Statistics

Data was analysed by Student’s r-test, with 5 % significance levels
applied.

RESULTS AND DISCUSSION

Previous data have suggested several possible mechanisms by
which insulin could repress PEPCK, G6Pase and IGFBP1 expres-
sion. Overexpression studies, combined with pharmacological
inhibition, has implicated GSK3 in the control of these processes
by insulin [11,20]. Therefore we examined whether these genes
were regulated appropriately in an animal that expressed a
mutant form of GSK3 that does not respond to insulin. GSK3
regulation by insulin requires activation of PI3-kinase and
PKB. This in turn promotes phosphorylation of GSK3« (at
Ser-21) and GSK3pB (at Ser-9) significantly decreasing their
activity [7,8]. In the GSK3 DKI mouse endogenous GSK3« and
GSK38 are replaced with mutant enzymes that are not substrates
for PKB (S21A/S9A), and these proteins are expressed from
the wild-type gene locus [9]. Expression of the mutant pro-
tein in all tissues, including liver, is almost identical to normal ex-
pression of wild-type proteins (Figure 1A, upper panel). Feeding
or insulin injection promotes phosphorylation of Ser-9/Ser-21 of
hepatic GSK3, but only in the wild-type animals (Figure 1A),
as these residues are not phosphorylatable in the GSK3 DKI
mice. This phosphorylation represents a decrease in GSK3 activity
(Figure 1B) of approx. 50 % with insulin injection, or 20-30 %
with feeding. Moreover, activation of PKB (Figure 1C) and S6K
(Figure 1D) in liver of wild-type and knockin animals is almost
identical. Feeding does not activate the PKB pathway as potently
as insulin injection (in either animal) explaining the decreased
phosphorylation and inhibition of GSK3 with feeding compared
with insulin (Figure 1B). The decreased activation of PKB and
inhibition of GSK3 could question the importance of this pathway
in the regulation of PEPCK, G6Pase and IGFBP1 following
feeding. However, a significant regulation of the pathway is still
observed with feeding (Figure 1). Knockin of the mutant GSK3
alleles does not significantly alter the regulation of PKB (Ser-473
or Thr-308) or S6K (Thr-389) phosphorylation, their inherent
activity or phosphorylation of the downstream S6 protein (Ser-
235) [by either feeding or insulin (Figure 1)]. Therefore GSK3
insensitivity to insulin does not alter regulation of other insulin-
sensitive kinases in the liver, or muscle [9]. All of the results
presented for insulin injection in Figure 1(A-D) is in the absence
of co-injection of glucose.

However, identical regulation of these signalling pathways is
observed if glucose is co-injected with insulin (results not shown)
in order to prevent hypoglycemia (Figure 1E). These mice are
perfectly viable and there are no significant differences in the
fasted or fed plasma glucose/insulin levels between the GSK3
knockin and wild-type animals (Figure 1E).

PEPCK and G6Pase are rate-controlling enzymes of gluco-
neogenesis [26]. Decrease in their expression represents a major
mechanism by which feeding turns off hepatic glucose output.
Previous work has implicated GSK3 activity as a factor in the
regulation of these genes [11,20]. In addition, lithium reduces
hepatic gluconeogenesis [27] whereas administration of more
selective GSK3 inhibitors to animals decreases hepatic glucose
output [12,28]. However, no defects in the repression of PEPCK,
G6Pase or IGFBP1 expression following feeding were observed
in the DKI animals (Figure 2). GSK3 activity is required for
PEPCK, G6Pase and IGFBP1 gene promoter activity in hepatoma
cells [11,20], whereas GSK3 overexpression (which is reported in
diabetes [29]) will decrease insulin regulation of these promoters

[20]. However, under normal GSK3 expression levels, feeding
represses these genes without the need to inhibit GSK3 (Figure 2).

There could be several reasons for the apparent difference in
the requirement for GSK3 repression in the regulation of these
genes in isolated cells and in vivo. First, GSK3 overexpression
decreases insulin regulation of IGFBP1 expression in hepatoma
cells whereas the GSK3 knockin animals express mutant GSK3 at
levels equivalent to normal. Alternatively, the cell work was used
to examine insulin regulation of the genes, whereas we have
used feeding in the present study. In the wild-type animals the
level of inhibition of GSK3 following feeding is less than that
obtained following insulin injection (Figure 1).

Therefore we examined the effect of insulin injection on the
regulation of PEPCK, G6Pase and IGFBP1. Surprisingly, no re-
pression of any of the genes was observed 1 h after injection,
despite activation of PKB (Figure 1C), inhibition of GSK3 (Fig-
ure 1B) and decrease in blood glucose levels (Figure 1E). Initially
we assumed that the hypoglycemia that occurs following insulin
injection was affecting insulin regulation of the genes. However,
when glucose was co-injected with insulin to maintain blood
glucose levels (Figure 1E), no repression of these genes was seen
(Figure 3). There are few reports examining regulation of these
genes following insulin injection of rodents, but a similar lack
of effect on PEPCK [30] or G6Pase [31] expression has been
reported. In those studies Granner et al. demonstrated a clear
requirement for insulin in PEPCK repression following feeding
but proposed the need for an additional intestinal or pancreatic
secretion in the response to feeding [30]. Others have reported
some repression of PEPCK and G6Pase during hyperinsulinemic
euglycemia but at longer incubation times [32]. In addition, the
degree of repression in those experiments was not as substantial
as seen with feeding.

We investigated the effect of insulin at 1 h, when clear activation
of PKB is seen (Figure 1C) and when feeding completely represses
all of these genes (Figure 2). Because the repression of the genes
by feeding in the GSK3 knockin animals is normal we propose
that GSK3 inhibition is not actually required for regulation of
the genes by feeding and that the extent of inhibition of GSK3
by insulin injection (50 %) is not sufficient in itself to mimic the
effects of GSK3 inhibitors on these genes. Indeed, whatever signal
is being generated by insulin, it is not sufficient to repress these
genes in vivo (Figure 3), but it is sufficient in isolated hepatocytes
or hepatoma cells [33].

In a previous study we found that deletion of PDK1 activity
(upstream of GSK3 regulation) decreases the induction of
SREBPI1 gene expression in response to feeding [ 16]. This demon-
strates that a PDK1-dependent pathway controls SREBP1 induc-
tion by feeding. In addition, GSK3 activity has been reported to
directly regulate SREBPI1c activity [24], whereas induction of
FAS expression following feeding is dependent upon activation
of SREBP1 [34-36]. Therefore we examined expression of
SREBP1 and FAS in the GSK3 DKI animals. Once more,
regulation of SREBP1 expression or activity (FAS expression)
by feeding is relatively normal (or possibly even more sensitive
to feeding) in the GSK3 knockin animals (Figure 4). Therefore
we conclude that inhibition of GSK3 is not a prerequisite for
regulation of SREBP1 activity or expression by feeding. Although
there is a trend to a more potent induction of SREBP1 expression
following feeding, the effect is not significant (Figure 4). There
is a significantly greater induction of FAS expression after 6 h
refeeding, possibly due to the slightly enhanced induction of
SREBPI1. Alternatively, direct regulation of SREBP1 by GSK3
[24] may play arole in this effect. There are few metabolic defects
in the GSK3 knockin animals suggesting that this increased
hepatic FAS expression is compensated for in the intact animal in
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Figure 1 Intracellular signalling in livers of wild-type and GSK3 DKI mice

Wild-type (12) and GSK3-DKI mice (12) at 10—12 weeks old were fasted overnight, three were injected with insulin for 1 h, three were refed for 1 h and three refed for 6 h, before being killed and
excision of the liver. Three fasted animals were used as a control. (A) GSK3 expression and Ser-21/Ser-9 phosphorylation were assessed by Western blotting. The phospho-GSK3 was quantified
by densitometry and is shown in the lower panel. (B) GSK3e and GSK3p activity was measured in each sample. PKB (C) and S6K (D) activity were measured by Western blotting, as well as by
immunoprecipitation and assay. Assay data are presented as munit/mg lysate and are the average + S.D. of three separate animals assayed in triplicate. (E) Plasma glucose and insulin levels were
determined for each animal following these treatments, as well as an additional treatment where three wild-type and three GSK3 knockin animals were injected with insulin plus glucose for 1 h.

some way; however, the results still indicate that GSK3 influences
the regulation of this gene promoter.

The fact that the GSK3 knockin animals have little in the way of
abnormal phenotype may suggest that GSK3 is not as important
a regulator of glucose metabolism as first envisioned. However,
there are several possible reasons for the lack of a clear phenotype
in this model. For example, most targets of GSK3 require prior
phosphorylation (priming) to permit phosphorylation by GSK3
[4]. Therefore if inhibition of the priming kinase occurs then
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substrate regulation would persist, even in the GSK3 knockin
animals. It is possible that the protein(s) that links GSK3 to the
TIRE containing genes is also regulated by control of priming
following feeding. Hence, the protein would remain sensitive to
feeding in the absence of GSK3 inhibition, yet it would be regu-
lated by GSK3 inhibitors. There are at least two examples of
GSK3 substrates in which priming is likely to be a regulated
event, namely n-myc downstream-regulated gene [37] and CREB
[38].
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Figure 2 Analysis of metabolic gene expression following feeding

Total RNA was prepared from livers obtained as described in Figure 1. (A) PEPCK gene
expression was measured by real-time PCR using 18S ribosomal RNA as an internal control.
Data are presented relative to the internal control, as the mean + S.E.M. of three separate animals
assayed in triplicate. G6Pase (B) and IGFBP1 (C) gene expression were measured by RPA. Data
are presented relative to control (B-actin) as the mean + S.E.M. of three separate animals
assayed in triplicate (lower panel) and the autoradiograph of each assay is also presented (upper
panel).

Secondly, phosphorylation is a reversible process, with regu-
lation of phosphatases playing an increasingly acknowledged key
role in signalling pathways. It is possible that insulin activation
of a phosphatase is sufficient to decrease GSK3 substrate phos-
phorylation in the knockin animals but not when GSK3 is over-
expressed. This may contribute to the discordance between the
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Figure 3 Insulin injection does not regulate PEPCK, G6Pase or IGFBP1
gene expression

Total RNA was prepared from the livers of animals fasted overnight, or fasted then injected with
insulin plus glucose, as described in the Experimental section. Gene expression was measured
as described in Figure 2. Data are presented relative to the internal control, as the mean + S.E.M.
of three separate animals assayed in triplicate. Identical results are obtained if the animals are
injected with insulin alone.

results obtained in cells after overexpression [20] and these
knockin studies (Figure 2).

The target of GSK3 that mediates regulation of the TIRE-
containing promoters remains to be identified and much work in
our lab is focussed on this question. Its identification will greatly
improve our understanding of the connections that allow GSK3
activity to influence hepatic glucose production. Importantly, the
results presented in the present study do not rule out GSK3 (or its
substrates) as a potential target for intervention in hyperglycemic
or insulin-resistant states. Indeed, in subjects with high levels of
GSK3 activity this intervention would be predicted to be very
effective, as witnessed in animal models of diabetes. Moreover,
the GSK3 knockin model is providing important clues as to the
complexity of insulin signalling and GSK3 function. The work
presented in the present study, using this model, clearly de-
monstrates that although some GSK3 activity is required for
expression of PEPCK, G6Pase and IGFBP1 the physiological re-
pression of these genes by feeding does not require GSK3
inhibition.

© 2005 Biochemical Society



638 C. Lipina and others

€ .| SREBPI *

£Ed 4

o
€ .

a8 .

oo

w e

o= 4

2

% 2

o ]

Fasted FRefed 1h Refed 6h Insulin1h Fasted Refed1h Refed 6h Insulin 1h
Wild-type GSK3-DKI
100

% %0 FAS & l

§%

HE

Q.g 50

o -

wege =

22 |

= 20

ﬁ 10

@

£ Fasted Reded 1h Refed 6h Insulin 1h Fasted Refed 1h Refed 6h Insulin 1h

Figure 4 Induction of SREBP1 activity and expression does not require

inactivation of GSK3

Total RNA was prepared from the livers obtained as described in the Experimental section.
SREBP1 (A) and FAS (B) gene expression were measured by real-time PCR using 18S ribo-
somal RNA as control. Data are presented as the mean (n= 3) relative to the internal control.
*P<0.01.
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