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Background: Metabolites may activate signal transduction pathways that regulate cell metabolism.

Results: Amino acids activate Fru-2,6-P, synthesis through Akt-dependent phosphorylation of a specific PEKFB2 isoform.
Conclusion: Amino acids regulate Fru-2,6-P, metabolism via Akt signaling.

Significance: This study shows how signaling and metabolism are inextricably linked.

Reciprocal regulation of metabolism and signaling allows
cells to modulate their activity in accordance with their meta-
bolic resources. Thus, amino acids could activate signal trans-
duction pathways that control cell metabolism. To test this
hypothesis, we analyzed the effect of amino acids on fructose-
2,6-bisphosphate (Fru-2,6-P,) metabolism. We demonstrate
that amino acids increase Fru-2,6-P, concentration in HeLa and
in MCF7 human cells. In conjunction with this, 6-phospho-
fructo-2-kinase activity, glucose uptake, and lactate concen-
tration were increased. These data correlate with the specific
phosphorylation of heart 6-phosphofructo-2-kinase/fruc-
tose-2,6-biphosphatase (PFKFB2) isoenzyme at Ser-483. This
activation was mediated by the PI3K and p38 signaling path-
ways. Furthermore, Akt inactivation blocked PFKFB2 phos-
phorylation and Fru-2,6-P, production, thereby suggesting
that the above signaling pathways converge at Akt kinase. In
accordance with these results, kinase assays showed that
amino acid-activated Akt phosphorylated PFKFB2 at Ser-483
and that knockdown experiments confirmed that the increase
in Fru-2,6-P, concentration induced by amino acids was due
to PFKFB2. In addition, similar effects on Fru-2,6-P, metab-
olism were observed in freshly isolated rat cardiomyocytes
treated with amino acids, which indicates that these effects
are not restricted to human cancer cells. In these cardiomyo-
cytes, the glucose consumption and the production of lactate
and ATP suggest an increase of glycolytic flux. Taken
together, these results demonstrate that amino acids stimu-
late Fru-2,6-P, synthesis by Akt-dependent PFKFB2 phos-
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phorylation and activation and show how signaling and
metabolism are inextricably linked.

Fructose 2,6-bisphosphate (Fru-2,6-P,)* is a signal metabo-
lite that controls glycolysis. In liver, Fru-2,6-P, is an activator of
6-phosphofructo-1-kinase (PFK-1) and an inhibitor of fruc-
tose-1,6-bisphosphatase (FBPase-1). Therefore, Fru-2,6-P,
plays a unique role in the control of glucose homeostasis by
allowing the liver to switch from glycolysis to gluconeogenesis.
Most mammalian tissues show low FBPase-1 activity, and Fru-
2,6-P, acts as a signal metabolite that stimulates PFK-1 and,
hence, glycolysis when glucose is available (1). The synthesis
and degradation of Fru-2,6-P, are catalyzed by the bifunctional
enzyme 6-phosphofructo-2-kinase/fructose-2,6-bisphospha-
tase (PFKFB). In mammals, the isoforms of this bifunctional
enzyme are encoded by four genes (PFKFBI-4) that are char-
acterized by different tissue expression patterns, their kinase to
phosphatase activity ratios, and their responses to protein
kinases. In cancer cells, the concentration of Fru-2,6-P, is gen-
erally elevated because of overexpression and activation of
PFKFB3 and PFKFB4 (2). In prostate cancer cells, androgens
also elevate Fru-2,6-P, concentration by increasing the kinase
activity of PFKFB2 (3). This isoform is essential in the regula-
tion of glycolysis in the heart. Thus, adrenaline, insulin, anoxia,
and workload stimulate heart glycolysis by activating PFKFB2,
thus producing a subsequent rise in Fru-2,6-P, concentration
(1). PFKFB2 activity is regulated by phosphorylation of its
C-terminal domain by protein kinases such as 3-phosphoi-
nositide-dependent kinase-1 (PDK-1), cAMP-dependent pro-
tein kinase (protein kinase A), protein kinase B (also known as
Akt), p70 ribosomal S6 kinase (S6K1), and mitogen-activated

“The abbreviations used are: Fru-2,6P,, fructose 2,6-bisphosphate; PFKFB,
6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase; mTOR, mamma-
lian target of rapamycin; PMA, phorbol-12-myristate-13-acetate; EAA,
essential amino acid; DPBS, Dulbecco’s phosphate-buffered saline; DMEM
(-AA), DMEM without amino acid(s); AA, amino acid.
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protein kinase 1 (MAPK-1). Insulin-induced PFKFB2 activa-
tion requires the protein kinase Akt (4).

Fru-2,6-P, plays an essential role in cell metabolism because
it adapts this process to energy demands and nutrient availabil-
ity. Nutrients such as amino acids stimulate growth/prolifera-
tion/survival pathways in a manner dependent on the mamma-
lian target of rapamycin (mTOR). The serine-threonine kinase
mTOR interacts with other proteins to form two main func-
tional complexes named mTORC1 and mTORC2. These com-
plexes are regulated by various classes of PI3Ks. Thus, although
mTORCI is regulated by class III, mTORC2 is regulated by
class I (5). Both complexes can be activated by amino acids, and
starvation conditions allow independent analysis of their acti-
vation (6). Given that insulin also activates these two mTOR
complexes and that cell metabolism adapts by increasing the
Fru-2,6-P, concentration and, hence, by inducing glycolysis,
here we study whether amino acids regulate glycolysis in a sim-
ilar manner.

To this end, we analyze the effect of amino acids on Fru-
2,6-P, metabolism. We show that these nutrients increase Fru-
2,6-P, synthesis in human cancer cells. This increase correlates
with the phosphorylation of PFKFB2 at Ser-483 and requires
activation of the PI3K and p38 signaling pathways. Amino acid-
activated Akt specifically phosphorylated PFKFB2 at Ser-483,
whereas inactivation of Akt blocked PFKFB2 phosphorylation
and Fru-2,6-P, synthesis stimulated by amino acids. siRNA
experiments confirmed that the increase in Fru-2,6-P, concen-
tration induced by amino acids was due to PFKFB2. Similar
effects on Fru-2,6-P, metabolism were observed in freshly iso-
lated rat cardiomyocytes. Taken together, these results show
that amino acids increase Fru-2,6-P, concentration by Akt-me-
diated PFKFB2 activation.

EXPERIMENTAL PROCEDURES

Reagents—The following reagents were used: insulin, wort-
mannin, rapamycin, betaine, y-amino-n-butyric acid, aldolase,
a-glycerophosphate dehydrogenase-triosephosphate isomer-
ase, D-fructose-6-phosphate disodium salt, D-glucose-6-phos-
phate disodium salt, pyrophosphate tetrasodium salt, phorbol
12-myristate-13-acetate (PMA), protein A-peroxidase second-
ary antibody, ATP, anti-FLAG M2, anti-polyHis and anti-P-
ERK1/2 antibodies, culture medium M-199, and HEPES
sodium salt (Sigma-Aldrich); 50X minimum essential medium
essential amino acids (EAA) and 100X minimum essential
medium non-essential amino acid solutions (Invitrogen); 100X
L-glutamine solution (Biological Industries); U0126 and
S$B203580 (Calbiochem); PMA (Biomol); anti-mTOR, anti-p-
Thr-308-Akt, anti-p-Ser-473-Akt, anti-Akt, anti-p-Thr-37/
46-4E-BP1, anti-p-Thr-24-FOXO1/T32-FOXO3a, anti-p-
Thr-389-S6K1 (1A5), anti-p-Thr-334-MAPKAPK-2, and anti-
p-Tyr-180/Tyr-182-p38 antibodies (Cell Signaling Technology, Inc.);
anti-TSC2 (C-20) and anti-P-S483-PFKFB2 antibodies (Santa
Cruz Biotechnology, Inc.); anti-PFKFB2 (C-Term) (Abgent);
anti-P-S461-PFKFB3, anti-P-S478-PFKFB3 (7), anti-P-S86-
HSP25, and horseradish peroxidase-conjugated secondary
antibodies (Invitrogen); protein A-Sepharose and protein
G-Sepharose (GE Healthcare); Talon metal affinity resin (BD
Biosciences); and Immobilon-P PVDF transfer membrane
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(Millipore Corp.). Class I PI3K isoform-specific inhibitors
(PI3KB-selective inhibitor TGX-155 (8) and the PI3Ka-selec-
tive inhibitor AS702630 (9)) were provided by Dr. M. Camps
(Merck Serono). Akt inhibitor VIII, isozyme-selective and Akti-
1/2 were from Calbiochem). 3-O-["*C]methyl-D-glucose was
from PerkinElmer Life Sciences. [5->H]-D-glucose and *H,O
were from American Radiolabeled Chemicals. His-PFKFB2 was
a gift from Dr. M. H. Rider (10). The FLAG-PFKFB3 plasmid
expression vector was generated using Gateway technology fol-
lowing the protocol of the manufacturer (Invitrogen).

Cell Culture and Transfection—HeLa, MCF-7, and HEK293
cells were cultured at 37 °C in DMEM (Invitrogen) with 10%
fetal bovine serum. HEK293 cells were transfected using the
calcium phosphate transfection system. Cell treatments such as
serum starvation, amino acid deprivation, and insulin or amino
acid stimulation were performed as reported previously (6, 11).
For experiments with insulin or the phorbol ester PMA, cells
were deprived of serum overnight and then incubated with 200
nM insulin or 10 nm PMA for 30 min. For experiments with
amino acids, after overnight serum deprivation, cells were incu-
bated for an additional 2 h with Dulbecco’s phosphate-buffered
saline (DPBS) (Invitrogen) or, when noted, after overnight
serum deprivation, cells were incubated for an additional 2 h
with DMEM without amino acids (DMEM(-AA)) (6, 11). Cells
were then stimulated with an amino acid solution for 30 min
(we added a mix of commercial solutions of EAA, non-essential
amino acids, and L-glutamine (Gln) diluted to 1 X final concen-
tration from their stock solutions (50X, 100X, and 100X,
respectively). The final concentration of amino acids in the cells
(1X)) isidentical to that found in the standard minimum essen-
tial medium. Before stimulation with amino acids or insulin, the
specific inhibitors were added for 60 min at a final concentra-
tion of 20 nm rapamycin, 100 nM wortmannin, 5 um U0126, 10
M SB 203580, 10 wm Akti-1/2, and 1 um for specific inhibitors
of the PI3K isoform.

Cardiomyocyte Isolation—Adult cardiomyocytes were iso-
lated from Sprague-Dawley male rats (300 g) that were handled
following the European Directive on the Welfare of Research
Animals (2010/63/EU). After deep anesthesia (150 mg/kg
sodium pentobarbital, intraperitoneally), hearts were rapidly
excised and retrogradely perfused via the aorta for 20 min with
a modified Krebs buffer (110 mmol/liter NaCl, 2.6 mmol/liter
KCJ, 1,2 mmol/liter KH,PO,, 1.2 mmol/liter MgSO,, 25 mmol/
liter NaHCO,, 11 mmol/liter glucose) containing 25 umol/liter
CaCl, and 0.03% type II collagenase. Dissociated tissue was sub-
jected to several centrifugation steps to remove endothelial
cells and fibroblasts, and extracellular Ca*>* was progressively
normalized up to 1 mmol/liter. Rod-shaped cardiac myocytes
were selected in a 4% BSA gradient and plated on plastic-bot-
tomed culture dishes with 199/HEPES medium. After seeding,
cells were incubated for 2 h with DPBS before amino acids were
added as above.

Cell Lysate and Immunoblotting—For Western blot assays,
treated cells were lysed and processed as described previ-
ously (11). To simultaneously analyze large (e.g¢. mTOR) and
small (e.g. HSP25) proteins in the same SDS/PAGE gel, we
used Tris-Acetate PAGE systems (12, 13). Band intensities
were analyzed with a gel documentation system (LAS-3000,
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Fujifilm). Protein levels were normalized with respect to
mTOR, TSC2, PFKFB2, or Akt levels and expressed as a per-
centage of controls.

Immunoprecipitations and Kinase Assay—Lysates from
HeLa cells were immunoprecipitated with anti-Akt antibody.
Washed immunoprecipitates were used for in vitro kinase
assays using previously purified His-PFKFB2 and FLAG-
PFKFB3 as substrates. All kinase assays were performed as
described by Garcia-Martinez and Alessi (14) with the follow-
ing modifications. Akt immunoprecipitation was performed for
2 h, and the kinase assay for 30 min at 37 °C. His-PFKFB2 and
FLAG-PFKFB3 proteins were purified from transfected
HEK293 cells previously starved of serum and amino acids by
pull-down with Talon metal affinity resin and by immunopre-
cipitation with anti-FLAG antibody, respectively. Band intensi-
ties were quantified with a gel documentation system (LAS-
3000, Fujifilm).

Glucose Uptake—Cells were treated as described previously
(15). One minute before the end of the treatment, 2.5 ul of
radioactive 3-O-['*C]methyl-D-glucose was added to the
medium, and the reaction was stopped by four washes with
PBS. Then 300 ul of 0.05 M NaOH was added to each well, and
the plates were mixed gently. The plates were incubated for 2 h
at 37 °C to lyse the cells. Cell lysates were transferred into a
scintillation vial containing 5 ml of liquid scintillation, and the
radioactivity was quantified using a scintillation counter. 20 ul
of cell lysate was kept to quantify protein concentration. 2.5 ul
of radioactive 3-O-["*C]methyl-D-glucose was also counted as
a control.

Fructose-2,6-bisphosphate Measurement Assay—Treated
cells were lysed with 100 mm NaOH/0.1% Triton X-100. Fru-
2,6-P, was determined as described previously (16, 17).

Lactate Determination—Extracellular lactate was measured
spectrophotometrically from 0.5 ml of supernatant from cells
treated with amino acids, as indicated above, using standard
enzymatic methods (18).

ATP Measurement—Cells were treated as described previ-
ously and then centrifuged at 25 X g for 2 min. The pellet was
resuspended in somatic cell ATP-releasing reagent (Sigma).
ATP was determined in the pellet and supernatant as
described in Atlante et al. (19) with some modifications. The
composition of the assay buffer used was 10 mm phosphate
buffer (pH 8), 2.5 mm glucose, hexokinase-glucose-6-phos-
phate dehydrogenase (0.5 specific units) and 0.2 mm NADP.
Changes in fluorescence at 450 nm were monitored, indicat-
ing the NADPH production, which is proportional to the
ATP content of the sample. We used a calibration curve with
known concentrations of ATP to determine the concentra-
tion of ATP of the samples.

Measurement of Glycolysis—The glycolytic rate was deter-
mined by measuring the conversion of [5-*’H]D-glucose to
3H,0 (20, 21). Briefly, cells were incubated with 5 uCi of
[5->’H]D-glucose at 37 °C for 30 min. Following incubation,
triplicate 50-ul aliquots were transferred to uncapped PCR
tubes containing 50 ul of 0.2 N HCI, and each tube was trans-
ferred to a scintillation vial containing 0.5 ml of H,O so that the
water in the vial and the contents of PCR tube were not allowed
to mix. The vials were sealed, and the diffusion took place for
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24.-h at 50 °C. The amount of diffused and undiffused *H,O was
determined by scintillation counting and compared with con-
trols of [5-*H]D-glucose and *H,O alone.

Statistical Analysis—Results are expressed as mean = S.E.
Data for multiple variable comparisons were analyzed by one-
way analysis of variance. For comparison of significance,
Dunn’s test was used as a post hoc test in accordance with the
statistical program GraphPad Prism.

RESULTS

Amino Acids Increase Fru-2,6-P, Content—We have
reported that amino acid signaling mechanisms depend
on starvation conditions. Starvation with DPBS involves
mTORC2, whereas starvation with DMEM without amino
acids (DMEM (-AA)) involves mTORC1 (6). Here we used
these two starvation conditions to deprive cells of amino acids.
Thus, after overnight serum deprivation, HeLa cells were incu-
bated for 2 h with DPBS or with DMEM (-AA). Next they were
stimulated with amino acids (AA) for 30 min and Fru-2,6-P,
concentrations were analyzed as described in the experimental
procedures. The concentrations of this signal metabolite
increased in the presence of amino acids only when the cells had
been starved with DPBS (Fig. 14). No changes were observed
with DMEM (-AA). Other stimuli, such as insulin or the phor-
bol ester PMA, also raised Fru-2,6-P, concentrations (1). We
compared the increase in Fru-2,6-P, induced by amino acids
and by those stimuli. Although the basal Fru-2,6-P, concentra-
tion was higher after amino acid depletion, a similar induc-
tion of Fru-2,6-P, (fold induction) was observed with the
addition of amino acids, insulin, or PMA for 30 min (Fig. 1B).
The time course of the Fru-2,6-P, increase was also similar,
being rapid (5-10 min) and reaching maximum levels at 30
min (Fig. 1C).

To analyze the signaling pathways involved in the Fru-2,6-P,
increase after amino acid addition, we checked the activation of
two well known kinases involved in the regulation of Fru-2,6-
P,, namely MAPKAPK-2 and Akt (10, 22). This activation was
analyzed through immunoblotting using specific antibodies
against the phosphorylated forms of these kinases. Thirty min-
utes after amino acid addition, we observed the activation of
Akt via PI3K (Akt phosphorylation at Thr-308 by PDK1) and
mTORC2 (Akt phosphorylation at Ser-473) and the activation
of MAPKAPK-2 (phosphorylation at Thr-334) (Fig. 1D, left
panel). Given that the kinase p38 has been reported to mediate
the activation of MAPKAPK-2 (23), we also analyzed its activa-
tion. An increase in p38 activity was detected (phosphoryla-
tions at Thr-180 and Tyr-182) (Fig. 1D, left panel). Activation of
MAPKAPK-2 was also confirmed by phosphorylation of its
known-substrate HSP25 at Ser-86 (24) (Fig. 1D, left panel).
These phosphorylations mediated by amino acids were
observed only when the cells had been starved previously with
DPBS. No changes were observed with DMEM (-AA) (Fig. 1D,
left panel). We also analyzed the stimulation of these proteins
by insulin and by PMA (Fig. 1D, right panel). Interestingly, insu-
lin activated only Akt, via PI3K/mTORC2, and PMA activated
only MAPKAPK-2, via p38. In contrast, amino acids activated
both signaling pathways. Similar results (increase in Fru-2,6-P,
concentration and activation of the PI3K/mTORC2 and p38/
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FIGURE 1. Fru-2,6-P, concentration is increased by amino acids. A-D, after overnight serum deprivation, Hela cells were depleted of amino acids (starva-
tion) by incubation with DPBS or DMEM (-AA) for 2 h. They were then stimulated with AAs 1 for 30 min (A, B,and D) or for the indicated times (C), and Fru-2,6-P,
concentration was measured. Stimulation with insulin (Ins) or the phorbol ester PMA was performed after overnight serum deprivation for 30 min. Cellular
lysates were analyzed by Western blot analysis with the indicated antibodies. Molecular weight markers are indicated on the /eft. Values are the means = S.E.

for at least three independent experiments. ***, p < 0.001.

MAPKAPK-2 pathways) were obtained in MCF?7 cells (Fig. 2).
These observations, therefore, indicate that these results were
not specific to HeLa cells.

To ascertain whether these results were a specific response to
amino acid addition and not due to an osmotic effect, we tested
the effects of two non-nutrient osmolytes, namely betaine and
y-amino-n-butyric acid. The increase in Fru-2,6-P, concentra-
tion and the activation of the PI3K/mTORC2 and p38/MAP-
KAPK-2 pathways occurred only in the presence of amino acids
(Fig. 3A).

The use of an amino acid solution (mix of EAA, non-essential
amino acids, and L-glutamine (Gln)) to increase Fru-2,6-P, con-
centration and activate the PI3K/mTORC2 and p38/MAP-
KAPK-2 pathways led us to ask which amino acids are really
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important. To try to answer this question, we first analyzed the
effect of each commercial component. Thus, we observed that
only essential amino acids without glutamine (EAA) were
required to activate the PI3K/mTORC2 and p38/MAPKAPK-2
pathways and to increase the Fru-2,6-P, concentration (Fig.
3B). Next, the effect of each essential amino acid was analyzed
individually. We observed that the p38/MAPKAPK-2 pathway
was only activated by L-histidine (His), L-arginine (Arg), or L-ty-
rosine (Tyr) and that the PI3K/mTORC2 pathway was only
slightly stimulated by tyrosine (Fig. 3B and data not shown). In
all cases, the Fru-2,6-P, concentration was not modified signif-
icantly (Fig. 3B). These data suggest that the observed effects in
signaling and metabolism are produced by a mixture of essen-
tial amino acids.
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FIGURE 2. Various human cell lines show a similar increase in Fru-2,6-P,
concentration in response to amino acids. After overnight serum depriva-
tion, HeLa and MCF?7 cells were deprived of amino acids with DPBS medium
for 2 h and then stimulated with amino acids 1X for 30 min. Fru-2,6-P, con-
centration was measured as described under “Experimental Procedures,”
where afold induction of 1 corresponds to 54 == 8 pmol/mg of protein in HeLa
cells and 65 = 2 pmol/mg of protein in MCF7 cells (upper panel). Cellular
lysates were also analyzed by Western blot analysis with the indicated anti-
bodies (lower panel). Molecular weight markers are indicated on the left. Val-
ues are the means =+ S.E. for at least three independent experiments. ***, p <
0.001.

The Increase in Fru-2,6-P, Concentration Induced by Amino
Acids Requires the Activation of the PI3K and p38 Pathways—To
determine whether signaling pathways activated by amino acids
are also involved in the increase in Fru-2,6-P, concentration,
we analyzed the effect of specific inhibitors of the MAPK and
PI3K pathways. Similarly to the results for insulin, Akt phos-
phorylation by amino acids was shown to be wortmannin-de-
pendent (W, inhibitor of PI3K activity) and independent of
rapamycin (R, inhibitor of mTORC]1 activity) under these con-
ditions (Fig. 4, upper panels). A slight inhibition of Akt phos-
phorylation at Ser-473 was also observed with SB 203580 (S,
inhibitor of p38 activity). As a positive control of inhibitor
action, rapamycin blocked the activation of mTORC1 (phos-
phorylation of its substrates 4E-BP1 (Thr-37/Thr-46) and S6K1
(Thr-389)) by insulin (Fig. 4, right upper panel). In contrast, the
phosphorylation of MAPKAPK-2 (Thr-334) and HSP25 (Ser-
86) by amino acids was SB 203580-dependent (S, inhibitor of
p38 activity) and independent of U0126 (/, inhibitor of MEK
activity), rapamycin, and wortmannin (Fig. 4, left upper panel).
In these cells, we analyzed whether Fru-2,6-P, concentration
was regulated by these inhibitors. The increase in Fru-2,6-P,
induced by amino acids was partially blocked by wortmannin
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and by SB 203580. The combination of these two inhibitors
completely blocked the increase in Fru-2,6-P, (Fig. 4, left lower
panel). In cells stimulated with insulin, the increase in Fru-
2,6-P, was blocked only by wortmannin (Fig. 4, upper right
panel). As a negative control, the effect of inhibitors in the
absence of amino acids was also analyzed. In these conditions,
the content of Fru-2,6-P, was not significantly modified by the
presence of inhibitors (data not shown). Taken together, these
results show that the increase in Fru-2,6-P, concentration
induced by amino acids requires activation of the PI3K and p38
pathways and that the molecular mechanisms involved differ
from those observed with insulin.

PFKFB?2 Is Required for the Increase in Fru-2,6-P, Concentra-
tion Induced by Amino Acids—The enzyme PFKFB is responsi-
ble for the synthesis and degradation of Fru-2,6-P,. There are
four independent genes (PFKFBI-4) that encode the isoen-
zymes of the PFKFB family. PFKFB1 and PFKFB4 are specific
isoenzymes of liver/kidney and testis tissues, respectively (1,
25). In HeLa cells, predominant expression of PFKFB2 and
PFKFB3 has been reported (22, 26, 27). To analyze whether the
increase in Fru-2,6-P, concentrations caused by amino acids
correlated with an increase in 6-phosphofructo-2-kinase
(PFK-2) activity, we measured the activity of this enzyme. A
significant increase in PFK-2 activity was detected in the pres-
ence of amino acids (Fig. 5A4). In agreement with these data,
lactate production and glucose uptake were increased by amino
acids (Fig. 5, B and C). The increase in PFK-2 activity could be
due to an increase in the amount of the enzyme. We checked
this by analyzing the expression of PFKFB isoenzymes in HeLa
cells. Thus, PFKFB2 and PFKFB3 proteins were analyzed by
immunoblot analysis using specific antibodies. PFKFB expres-
sion did not change during the amino acid or insulin treatments
or in the presence of inhibitors (Fig. 6). These findings thus
indicate that the increases in Fru-2,6-P, concentrations and
PFK-2 activity were not due to an increase in the amount of
PFKFEB enzyme.

The phosphorylation of PFKFB at specific residues has been
associated with an increase in its kinase activity and Fru-2,6-P,
synthesis (1, 25). Thus, phosphorylation of PFKFB2 at Ser-466
and Ser-483 and of PFKFB3 at Ser-461 and Ser-478 has been
reported (4,7, 10, 28 —30). We analyzed these phosphorylations
of PFKFB2 and PFKFB3 by immunoblot analysis using phos-
phospecific antibodies. We only observed an increase in the
phosphorylation of PFKFB2 at Ser-483 (Fig. 64, left panel). This
increase was similar to that detected after stimulation with
insulin (Fig. 6A, right panel). Interestingly, the phosphorylation
of PFKFB2 at Ser-483 by amino acids was partially blocked by
wortmannin and SB 203580 and was completely blocked by the
combination of these two inhibitors (Fig. 6B, left panel). In cells
stimulated with insulin, the phosphorylation of PFKFB2 at Ser-
483 was completely blocked only by wortmannin (Fig. 6B, right
panel). In all these conditions, a correlation between phosphor-
ylation of PFKFB2 at Ser-483 (Fig. 6B) and Fru-2,6-P, concen-
trations was detected (Fig. 4). These data suggest that PEKFB2
isrequired for the increase in Fru-2,6-P, concentration induced
by amino acids. To show this, we used PFKFB2 siRNA to knock-
down PFKFB2 protein levels. HeLa cells were transfected with
two PFKFB2-specific siRNAs and stimulated with amino acids.
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Knockdown of PFKFB2 clearly inhibited the amino acid-in-
duced increase in Fru-2,6-P, (Fig. 7).

Akt Activity Is Required for PEKFB2 Phosphorylation and the
Increase in Fru-2,6-P, Concentration Induced by Amino Acids—
To further assess the role of the PI3K pathway in the increase in
Fru-2,6-P, concentration, specific inhibitors for class I PI3K
isoforms and Akt were analyzed. The class I PI3K specific inhib-
itors were PI3Ka-selective inhibitor AS702630 (9) and PI3KB-
selective inhibitor TGX-155 (8). The Akt-specific inhibitor was
Akti-1/2 (31, 31). Akt phosphorylation at Ser-473 after amino
acid addition was inhibited by wortmannin, the PI3Ka inhibi-
tor, and Akti-1/2 (Fig. 8). Under these conditions, the kinase
activity of Akt was inhibited, as reflected by the phosphoryla-
tion of the Akt substrates FOXO3a and FOXO1 (Fig. 8). Similar

APRIL 12,2013 +VOLUME 288-NUMBER 15

to the results obtained with wortmannin, the PI3Ka inhibitor
partially inhibited the phosphorylation of PFKFB2 at Ser-483
(Fig. 8). Interestingly, the Akti-1/2 inhibitor completely inhib-
ited PFKFB2 phosphorylation. In all these conditions, the Fru-
2,6-P, concentrations correlated with PFKFB2 phosphoryla-
tion (Fig. 8, right panel). These data indicate a key role for Akt in
the regulation of Fru-2,6-P, concentration by amino acids
through PFKFB2 phosphorylation. The similar effects observed
with wortmannin and the PI3K« inhibitor on the regulation of
PFKFB2 and Fru-2,6-P, concentrations indicate that this regu-
lation is mediated by the PI3Ka isoform. The inhibition of
PFKFB2 phosphorylation by amino acids in the presence of
Akti-1/2 also suggests that the PI3K and p38 pathways con-
verge at Akt activation.

JOURNAL OF BIOLOGICAL CHEMISTRY 10645

£T0Z ‘6T |Udy UO ‘BuojasRg 9p JRNSISAIUN | ap ©I810Iqg Te BIo gl Mmm Wwol) papeojumoq


http://www.jbc.org/

Amino Acids Regulate the Fru-2,6-P, Metabolism

Amino Acids: - + + + + + + -+ + + + + + :Insulin
Inhibitors: - - R W U S W+S kDa - - R W U S W+S :Inhibitors
- 100 100 -
anti-p-T308-Akt — =~ —_—— -_—— - = anti-P-T308-Akt
- 100 100 -
anti-P-S473-Akt = wwm— e — e— anti-P-S473-Akt
- 54 100 -
anti-P-T180/Y182-P38 i o ——— T
— e oo 8 anti-P-T389-S6K1
anti-P-T334-MAPKAPK-2 - e - 54 59 -
- 29

anti-P-S86-HSP25 A ————— anti-P-T37/T46-4EBP1

- 54
anti-MAPKAPK-2 /eeme———
e eSS ey nTOR

LT L[ [ e

MTOR Sy e e Sl s o

2 . ee

4 4
a 0
-z 4=
g’§3 ggs
[T o
-|§ -c"g
~ ~
8%, oor Wl oo 8%,
© oA
~3 ~ 3 . .
L9 - D
R fE1
[ [

0 0

-+ o+ o+ o+ o+ o+
- - R W U S WS

:Insulin
:Inhibitors

Amino Acids:

+
Inhibitors: =

FIGURE 4. Amino acids induce an increase in Fru-2,6-P, concentration via the PI3K and p38 pathways. Deprivation and stimulation with insulin or amino
acids were performed as in Fig. 1. Where indicated, HeLa cells were pretreated with 20 nm rapamycin (R), 100 nm wortmannin (W), 5 um U0126 (U), or 10 um SB
203580 (S) for 60 min before insulin or amino acid stimulation. Cellular lysates were analyzed by Western blot analysis (upper panels) with the antibodies
indicated. Fru-2,6-P, concentration was also measured (lower panels) as described under “Experimental Procedures.” A fold induction of 1 corresponds to 41 =
3 pmol/mg of protein in the left panel and 26 = 2 pmol/mg of protein in the right panel. Values are the means =+ S.E. for at least three independent experiments.

#5% p < 0.001.

A B C
8 < 3 o 100 -
71 i 2= e = T
- s ® T = 80
P i
£E6 = B =
Egs_ GC,EZ‘ © O —_
CE s | [ © & 60
©E 4 Cg’ X O
N E 3= S E
X T 3- S a5 40
L e 881 S g
g 2 8= O 2
o =
1 ©
1 ™
1] 0 0
Amino Acids: - + Amino Acids: - + Amino Acids: - +
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To confirm the role of Akt in amino acid signal transduction
to PFKFB2, we performed an in vitro kinase assay using purified
His-PFKFB2 as a substrate. Lysates from HeLa cells stimulated
with amino acids or unstimulated were immunoprecipitated
with anti-Akt antibodies. Purified immunoprecipitates were
incubated with previously purified His-PFKFB2 in the presence
or absence of ATP. Under these conditions, phosphorylation of
PFKFB2 at Ser-483 was increased significantly in Akt immuno-
precipitates stimulated by amino acids (Fig. 9). As a negative
control, we also performed in vitro kinase assays using the
PFKFB3 isoform as the substrate. Thus, we analyzed the Ser-
478 phosphorylation (the equivalent residue to Ser-483 in
PFKFB2 (1)) in purified FLAG-PFKFB3. Under these condi-
tions and in agreement with the previous results (Fig. 6), no
variations in the phosphorylation of this residue by amino acids
were detected (Fig. 9). Taken together, these results show that
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amino acid-stimulated Akt specifically phosphorylates the Ser-
483 of the PFKFB2 isoform.

Regulation of Fru-2,6-P, Content in Rat Cardiomyocytes by
Amino Acids—To analyze the regulation of Fru-2,6-P, content
by amino acids in a more physiological context, we took advan-
tage of the specific expression of PEKFB2 in heart, where it is an
essential enzyme in the regulation of glycolysis (1). For this
purpose, freshly isolated adult rat cardiomyocytes were incu-
bated with or without amino acids, and PFKFB2 activation was
measured in lysates of these cells by immunoblotting using a
specific anti-Ser-483-PFKFB2 antibody. A high increase in
PFKFB2 phosphorylation at Ser-483 was observed after stimu-
lation with amino acids (Fig. 104). As expected, this increase
was inhibited in the presence of wortmannin or Akti-1/2 (Fig.
10A), in agreement with the Akt-dependent phosphorylation of
PFKFB2 observed previously in HeLa cells. Akt phosphoryla-
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tion at Ser-473 was used as a control in these experiments.
Fru-2,6-P, concentrations were also analyzed in these car-
diomyocytes. We observed a correlation between Fru-2,6-P,
and PFKFB2 phosphorylation at Ser-483 (Fig. 10, A and B). To
show that these changes have biological significance and regu-
late glycolysis, the glycolytic flux was analyzed in cardiomyo-
cytes. To this end, we measured [5-*H]D-glucose consumption
(Fig. 10C) and concentration of lactate (D) and ATP (E) after
stimulation by amino acids. We observed an Akt-dependent
increase in all of these parameters. Altogether, these data sug-
gest a similar signaling pathway and regulatory mechanism of
the Fru-2,6-P, content by amino acids in tissues and cells reg-
ulated by the PFKFB2 isoform (Fig. 11).

DISCUSSION

Metabolic and signal transduction pathways have often been
considered separate entities, with signal transduction execut-
ing functions within the cell and metabolism maintaining cel-
lular integrity and function (32). However, signal transduction
may regulate metabolism in several ways. It is widely accepted
that growth factors and hormones stimulate the metabolic
activity of cells as part of integrated programs to promote pro-
liferation or differentiation. Reciprocally, metabolism can also
regulate signaling pathways and certain molecular complexes,
such as mTORC1, mTORC2, and AMP-activated protein
kinase, which are nutrient-sensing. Metabolites may serve as
indicators of the metabolic status of the cell and, through

JOURNAL OF BIOLOGICAL CHEMISTRY 10647

£T0Z ‘6T |Udy UO ‘BuojasRg 9p JRNSISAIUN | ap ©I810Iqg Te BIo gl Mmm Wwol) papeojumoq


http://www.jbc.org/

Amino Acids Regulate the Fru-2,6-P, Metabolism

Amino Acids: = + + + + +
Inhibitors: = = W a B Akti 120
¥°2 100 - J T
a— ti-P-s473-Akt
- anti g 1004 .
100 - = 4
—_— — anti-pP-T32-FOXO3a g =
i 3 80+ ok
- - anti-P-T24-FOXO1 o 7 4 dkk
2 op
100 - g £ 601 ik
. =
- . anti-P-S483-PFKFB2 A g B
g i
100 - & & 40
- anti-PFKFB2 a 1
——muw E 20
LL' -
-—---q mTOR 0
Amino Acids: - + + + + +
S e . o e TSC2 Inhibitors: - - W a B Akti

FIGURE 8. Akt activity is required for PFKFB2 phosphorylation and the increase in Fru-2,6-P, concentration induced by amino acids. Hela cells were
treated asin Fig. 2. Where indicated, cells were pretreated with 100 nm wortmannin (W), 1 um class | PI3K isoform-specific inhibitors («, B) or 10 um Akti-1/2 (Akti)
for 60 min before amino acid stimulation. Cellular lysates were analyzed by Western blot analysis (left panel) with the indicated antibodies. Fru-2,6-P, concen-
tration was also measured (right panel). Values are the means = S.E. for at least three independent experiments. ***, p < 0.001.
PNS
Amino Acids : - +

MTOR sees s

anti-P-S473-Akt .-
anti-Akt g
IP:Akt
+ + + - - - : His-PFKFB2
- - - + + + : FLAG-PFKFB3
- + + - + + : Amino Acids
o+ - + o+ - : ATP

anti-Akt e H o e W anti-Akt

anti-P-S483-His-PFKFB2 e (W = . . anti-P-S478- FLAG-PFKFB3
His-PFKFB2 FLAG-PFKFB3
(substrate levels) - ~ - - - - (substrate levels)
-~ 3 = 3
: §
IJ‘ +H
4? 8 2.5 >k 4;3‘,‘_". 2.5
2% L g
i P8
ag 2 8k 2
22 24
g P g5 ] 1.5
g ? .
R 25
- ©
0% oI
: Q 1 z ) 1
H: ik
i ut
g& 0.5 ga 0.5
. Q
[}
]
g 3
= 0 T T T - 0 T T T
Amino Acids : - + + Amino Acids : = + +
ATP : + + - ATP : + + -
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metabolite-sensitive protein modifications, may modulate the have the capacity to activate various signaling pathways,
activities of signaling proteins, metabolic enzymes, and tran- depending on starvation conditions (6). Thus, previous amino
scriptional regulators (32). Here we focused on the activation of  acid starvation with DMEM (-AA) or DPBS selects the further
glycolytic metabolism by amino acids and the signaling path- activation of mTORC1 or mTORC2 when amino acids are
ways involved. We have reported previously that amino acids added. This characteristic led us to study the contribution of
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production of ATP and lactate). Mechanistically, the addition of amino acids activated the p38 and PI3K signaling pathways that converge at Akt activation.
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amino acids to each signaling pathway separately. Interestingly,  This finding, together with the assays with freshly isolated car-

both mTORC complexes were activated when cells were sup- ~diomyocytes, indicates that these two pathways have physiolog-
plemented with amino acids after 48 h in complete DMEM. ical relevance (6). In this context, we demonstrate that amino
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acids increase Fru-2,6-P, concentration in human cancer cells,
such as HeLa or MCF7, and in non-transformed cells, such as
rat cardiomyocytes, previously starved with DPBS. Further
analysis of the signaling pathways involved showed that the
increase in Fru-2,6-P, content required the activation of the
PI3K and p38 signaling pathways. These results are an example
of how signaling and metabolism are inextricably linked
(Fig. 11).

The regulation of mTOR activity directs the cellular
response to nutrient status, which is especially sensitive to the
availability of amino acids (6, 33). In vivo experiments of fasting
and refeeding have recently shown the activation of Akt in the
liver of refed mice, and experiments with liver-specific rictor
knockout mice demonstrated mTORC2 dependence (34).
Interestingly, the addition of L-threonine induced the proli-
feration of mouse embryonic stem cells through phosphoryla-
tion of Akt, p38, c-Jun N-terminal kinase/stress-activated pro-
tein kinase, and mTOR proteins (35). In this paper, the use of
phospho-specific antibodies against regulatory proteins of the
PI3K and p38 signaling pathways, in combination with the use
of specific inhibitors, knockdown experiments, and kinase
assays, allowed us to show that the increase in glycolytic metab-
olism after stimulation by amino acids converges with Akt acti-
vation. Thus, Akt activation is required for the increase in Fru-
2,6-P, content and the activation of PFKFB2 after amino acid
addition. In agreement with these data, the phosphorylation
and activation of PFKFB2 by insulin also require Akt (4, 10).

PFKFB2 is expressed in the heart. In this tissue, this isoen-
zyme plays an important regulatory role in glycolysis. Thus,
insulin, adrenaline, and hypoxia stimulate phosphorylation and
activation of PFKFB2, resulting in a net increase in Fru-2,6-P,
production (4, 29, 36 —38). Protein kinases such as AMP-acti-
vated protein kinase or Akt may phosphorylate PFKFB2,
thereby increasing its activity (22, 29). Interestingly, amino
acids do not activate AMP-activated protein kinase (6). Given
that PFKFB2 expression is not restricted to the heart, this reg-
ulation is also observed in cell lines where this isoenzyme is also
present, for example in HeLa cells (Ref. 22 and our findings). In
this context, it has been proposed that Akt-dependent binding
of 14-3-3 proteins to phosphorylated PFKFB2 mediates the
stimulation of glycolysis by growth factors (22). Alterations in
metabolic activity contribute to the proliferation and survival of
cancer cells. Recently, a functional metabolic screen has iden-
tified the PFKFB4 isoform as an enzyme essential for prostate
cancer cell survival by maintaining the balance between the use
of glucose for energy generation and the synthesis of antioxi-
dants (39). Under these conditions, PFKFB3 had only minor
effects. Interestingly, it has been reported that androgen stim-
ulates glycolysis for de novo lipogenesis by increasing the activ-
ity of PFKFB2 in prostate cancer cells (3). In other human can-
cers, such as leukemia, and in lung, breast, colon, pancreatic,
and ovarian adenocarcinomas, PFKFB3 is overexpressed (2, 40,
41). These examples show the functional relevance and com-
plexity of PFKFB regulation. Our data indicate that the regula-
tion of PFKFB activity by amino acids is specific to the PEKFB2
isoform and not restricted to cancer cells. Thus, we would
expecta similar regulation of Fru-2,6-P, content by amino acids
in tissues and cells regulated by the PFKFB2 isoform.
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In summary, this study demonstrates how amino acids acti-
vate signal transduction pathways that may regulate metabolic
enzymes such as PFKFB2. This reciprocal regulation of metab-
olism and signaling allows cells to modulate their survival and
proliferation in accordance with their metabolic resources.
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