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Elevated glucose concentrations stimulate the transcription of
the pre-proinsulin (PPI), L-type pyruvate kinase (L-PK), and other
genes in islet beta cells. In liver cells, pharmacological activation
by 5-amino-4-imidazolecarboxamide riboside (AICAR) of AMP-
activated protein kinase (AMPK), the mammalian homologue of
the yeast SNF1 kinase complex, inhibits the effects of glucose,
suggesting a key signaling role for this kinase. Here, we demon-
strate that AMPK activity is inhibited by elevated glucose concen-
trations in MING beta cells and that activation of the enzyme with
AICAR prevents the activation of the L-PK gene by elevated
glucose. Furthermore, microinjection of antibodies to the «a2-
(catalytic) or B2-subunits of AMPK complex, but not to the a1-
subunit or extracellular stimulus-regulated kinase, mimics the
effects of elevated glucose on the L-PK and PPl promoter activities
as assessed by single-cell imaging of promoter luciferase con-
structs. In each case, injection of antibodies into the nucleus and
cytosol, but not the nucleus alone, was necessary, indicating the
importance of either a cytosolic phosphorylation event or the
subcellular localization of the a2-subunits. Incubation with AICAR
diminished, but did not abolish, the effect of glucose on PPI
transcription. These data suggest that glucose-induced changes in
AMPK activity are necessary and sufficient for the regulation of the
L-PK gene by the sugar and also play an important role in the
regulation of the PPl promoter.
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lucose is the primary fuel for many organisms. The ability

of single cells and whole animals to respond to change in
glucose availability is of particular importance for survival. Thus,
in yeast, glucose induces expression of genes involved in its own
metabolism and represses the expression of proteins involved in
the utilization of alternative carbon sources (1). In mammals,
blood glucose concentration normally is maintained between a
narrow range, irrespective of exogenous glucose ingestion. In the
liver, glucose (in the presence of insulin) induces expression of
genes encoding glucose transporters and glycolytic and lipogenic
enzymes and represses genes of the gluconeogenic pathway
(2-4). Similarly, in islet beta cells, glucose activates several of the
same genes, as well as activating transcription of the pre-
proinsulin (PPI) gene (5). The mechanisms of glucose repression
and glucose activation of gene expression are relatively well
understood in yeast, where the sucrose nonfermenting 1 protein
kinase (SNF1) complex is activated by glucose removal and
phosphorylates transcription factors involved in gene repression,
such as Migl (1, 6-8). Little is known about the glucose-
signaling pathway in mammals (9), although a recent study
revealed that glucose removal also activates the mammalian
homologue of the SNF1 complex, AMP-activated protein ki-
nase, in two islet beta cell derived lines, HIT-T15 and INS-1 (10).

The L-type pyruvate kinase gene (L-PK) is expressed in the
liver, pancreatic beta cells, the small intestine, and the proximal
renal tubule (11, 12). L-PK gene transcription is regulated
positively by glucose and insulin and negatively by glucagon and
cAMP, both in liver (13) and, in the case of glucose, islet beta
cells (11, 14). The glucose response unit appears to be located
between nucleotides —183 and —119 with respect to the cap site
(15, 16). Within this region a site between nucleotides —165 and
—154, termed L4, confers glucose responsiveness (17). This site
consists of two E boxes and has been shown to bind the nuclear
factors USF1 and USF2 (upstream stimulatory factors 1 and 2;
refs. 18 and 19), which are essential for a normal response of
L-PK gene transcription to glucose (14, 20). More recently, it was
shown that the orphan nuclear receptor COUPTF-II (chicken
ovalbumin upstream promoter transcription factor II') also binds
this region and could act as a repressor (21). Adjacent to the L4
box is a binding site (L3) for the ancillary factor HNF4 (hepa-
tocyte nuclear factor 4; refs. 18 and 22). Other data have
suggested a role for sterol response element-binding protein
(23), although the involvement of this factor is disputed (24).

The nature of the molecules that signal the availability of
glucose to the L-PK transcriptional machinery is also contro-
versial. A dephosphorylation/phosphorylation cycle is likely to
be involved, because protein phosphatase inhibitors block the
effects of glucose on L-PK (B.D. and A.K., unpublished data)
and fatty acid synthase transcription (25). It is also clear that
glucose must enter the cell and be phosphorylated to glucose
6-phosphate (26, 27) and possibly must also be metabolized into
pentose phosphate cycle intermediates (28).

The regulation of the PPI gene promoter is also complex and
may involve the interplay of at least eight separate transcription
factors (29). The effects of glucose appear to be mediated via a
region located 212-198 bp upstream of the transcriptional start
point of the human gene, termed the A3 box (29), and may
involve the transcription factor pancreatic duodenum homeobox
protein (IPF-1/STF-1/TUF-1/1DX-1) (30, 31).

We have shown previously, using the activator 5-amino-4-
imidazolecarboxamide riboside (AICAR), that AMP-activated
protein kinase (AMPK), the mammalian homologue of the yeast
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SNF1 complex, probably is involved in the regulation of glucose-
responsive genes in mammals (32, 33). AMPK kinase and
AMPK are the upstream and downstream components, respec-
tively, of a highly conserved protein kinase cascade (7, 34).
AMPK is now considered as a key metabolic master switch (35),
regulating carbohydrate and fat metabolism in response to
change in cellular energy charge, being activated in an ultrasen-
sitive manner (36) by a fall in ATP/AMP ratio. The enzyme
exists as a heterotrimer of a- (catalytic), B- (adapter), and vy-
(regulatory) subunits (7). At least two isoforms of each subunit
have been described (37). Unlike al complexes, complexes
containing the o2 isoform of the catalytic subunit are found in
both the nucleus and the cytoplasm (10).

To investigate directly the role of individual AMPK isoforms
in the regulation of the L-PK and PPI genes in islet beta cells,
we now have combined the use of AICAR with single-cell
antibody microinjection and dynamic imaging of luciferase re-
porter constructs (14, 38). These studies suggest that regulation
of the AMPK «a2-subunit may be necessary and sufficient to
explain the effects of glucose on L-PK gene expression in beta
cells, and also plays an important, but not exclusive, role in the
control of insulin promoter activity.

Experimental Procedures

Materials. Protein G-agarose was from Boehringer Mannheim.
Reverse transcriptase and 7aqg DNA polymerase were from
GIBCO/BRL. Beetle luciferin was from Promega and coelan-
terazine was from Molecular Probes. AICAR and other reagents
were from Sigma and BDH.

Plasmids. pLPK.Lucgr and pAL4.LPK.Lucgr contained, respec-
tively, nucleotides —183 to +10 and —148 to +10 of the rat L-PK
promoter fused immediately upstream of humanized firefly
luciferase cDNA (plasmid pGL3 basic; Promega) (14). Plasmid
pINS.Lucgr contained nucleotides —260 to —60 of the human
insulin promoter fused upstream of the herpes simplex minimal
thymidine kinase promoter and firefly luciferase cDNA (31).
The expression plasmid for Renilla luciferase (pRL.CMV) was
purchased from Promega.

Antibodies. Sheep antibodies raised against rat AMPK-«al and
a2- (39) and B2-subunits (40) were produced as described.
Polyclonal antibody against extracellular stimulus-regulated
kinase was purchased from Santa Cruz Biotechnology.
Each antibody was affinity-purified and dialyzed extensively
before use.

Cell Culture. MING cells were used between passages 20 and 30
and grown in DMEM containing 15% (vol/vol) heat-inactivated
FCS, 30 mM glucose, 2 mM glutamine, 100 mM 2-mercapto-
ethanol, 100 units/ml penicillin, and 100 wg/ml streptomycin in
a humidified atmosphere at 37°C with 5% CO, unless specified
otherwise.

Immunocytochemistry. Cells were fixed with 4% (vol/vol) para-
formaldehyde before probing with primary sheep antibodies vs.
AMPK «al and o2 (39) (1:40) and revealed with tetramethyl
rhodamine isothiocyanate-conjugated anti-sheep IgG (1:500).
Optical sections were obtained by laser-scanning confocal mi-
croscopy, using a Leica DM /IRBE inverted microscope (x40
oil-immersion objective) (41).

RNA Isolation, cDNA Synthesis, and PCR Amplification. Total RNA
was isolated from MING6 cells by lysis in guanidinium thiocya-
nate, followed by phenol extraction (42). First-strand cDNA
synthesis was performed as described (43). Oligonucleotide
primers for L-PK (PKS3 and PKS5) and B-actin mRNAs were
used as described (12). The entire coding region of PPI was
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amplified with primers 1 and 3 given in ref. 41. Radioactive PCR
amplification (25-30 cycles; annealing temperature, 59°C) was
performed in a final volume of 50 ul containing 250 ng of cDNA,
200-300 ng of each primer, 2.5 mM MgCl,, 10% DMSO, 1 unit
of Tag polymerase, and 0.05 uCi of [a-*?P]dCTP. mRNAs were
quantified by analyzing 10 ul of radioactive PCR products on 5%
nondenaturant polyacrylamide gels with PhosphorImager (Mo-
lecular Dynamics).

Extraction and Assay of AMPK Activity. MING cells in monolayer
were scraped into ice-cold lysis buffer [S0 mM Tris-HCI, pH 7.4
at 4°C/250 mM sucrose /50 mM NaF /1 mM sodium pyrophos-
phate/1 mM EDTA/1 mM EGTA/1 mM DTT/1% (vol/vol)
Triton X-100/complete protease inhibitor mixture; Boehringer
Mannheim]. Extracts were centrifuged (13,000 X g, 5 min at
4°C), and protein concentration was determined with DC Pro-
tein Assay Reagent (Bio-Rad). This protocol has been found to
release >90% of the total cellular (i.e., nuclear plus cytosolic)
content of each AMPK isoform into the supernatant of similar
beta cell lines (I.P.S., unpublished results, and see ref. 10).
Extracts were kept at —80°C until AMPK immunoprecipitation
and enzyme assay. AMPK was immunoprecipitated from 100 ul
of cell extract with either sheep anti-al or anti-a2 antibodies.
AMPK activity was measured (44) in 10 ul of crude extract or
immunoprecipitate by using “SAMS” peptide (the synthetic
peptide HMRSAMSGLHLVKRR) and [y-*?P]ATP (specific
activity, 1,000 cpm/pmol).

Microinjection and Luciferase Imaging. Microinjection was per-
formed (14) at plasmid concentrations of 0.1 (Lucgg-based
vectors) and 0.05 (pRL.CMV) mgml~! and total antibody
concentration of 1-1.2 mg-ml~! (Bradford assay) (45). Details of
single-living cell photon-counting imaging of firefly and Renilla
reniformis luciferase activities are as given in previous publica-
tions (14, 31, 38). Individual experiments involved injection of
100-200 separate cells per condition, with an efficiency of
5-20% productive injection, assessed by expression of R. reni-
formis luciferase activity.

Statistical Analysis. Data are given as mean = SEM of three to five
individual experiments. Comparisons between means were done
by using Student’s ¢ test for paired data using Microsoft EXCEL
software.

Results

Subcellular Distribution and Activity of AMPK Isoforms in MING Cells.
We first examined the presence and the subcellular localization
of al and o2 AMPK isoforms in fixed MING6 beta cells. Immu-
nolabeling of cells and confocal microscopic examination (Fig.
1a) showed an exclusive cytosolic localization for a1, whereas a2,
which was stained much more weakly, was present both in the
cytosol and the nucleus. These distributions were unaffected by
culture at either 3 or 30 mM glucose (Fig. 1a).

We next examined the modulation by glucose of AMPK
activity in MING cells. Assayed either in crude extracts or after
immunoprecipitation of the specific isoforms, AMPK activity
was decreased by raising the glucose concentration from 3 to 30
mM and activated by a 6-h culture with 200 uM AICAR. Thus,
in crude extracts, a 30 £ 10% (P < 0.05; n = 4 separate
experiments) decrease in total AMPK activity was elicited at 30
vs. 3 mM glucose. At 30 mM glucose, 200 uM AICAR increased
total AMPK activity by 19 = 6.6% (n = 4 separate experiments)
and by 35 and 45% in two separate experiments performed at
3 mM glucose. Examined after immunoprecipitation from cells
maintained in 3 mM glucose, the activity of the a2 AMPK
isoform was 22 = 5% of the a1 activity (mean * variation of two
separate preparations). The effects of glucose and AICAR on
the immunoprecipitated AMPK isoforms were similar to but

da Silva Xavier et al.



al
o2
o0 [glucose]
- ] 3mM
150 + § - 30 mM
Z
2 -
8g
v < 100 |
:
50 F
0
AMPK o1 AMPK o2
Fig. 1. Immunolocalization of AMPK isoforms in MIN6 beta cells (a) and

regulation of AMPK activity by glucose and AICAR (b). (a) Cells were incubated
for 24 h at the indicated glucose concentrations before probing for AMPK «1
and a2 isoforms as detailed in Experimental Procedures. Shown are clusters of
30-40 cells; the dark areas in the center of each cell, most evident after
probing with the anti-AMPK «1 antibody, correspond to the position of the
nuclei, asidentified in bright-fieldimages (notshown). (Bar = 20 um.) (b) After
incubation for 6 h at the indicated glucose concentration, each isoform of
AMPK activity was assayed after immunoprecipitation as given in Experimen-
tal Procedures. Data are normalized to activity vs. AMPK «1 in extracts
cultured at 3 mM and represent the means = SEM of four separate experi-
ments. P < 0.05 for the effect of 30 mM glucose (*) and 200 M AICAR (8).

more marked than those apparent in crude extracts, probably
reflecting the removal of other, glucose/AICAR-insensitive
SAMS peptide (the synthetic peptide HMRSAMS-
GLHLVKRR) kinases (Fig. 1b) (44).

Regulation of Endogenous L-PK Gene Expression in MIN6 Beta Cells:
Effects of Glucose and AICAR. Increasing the glucose concentration
from 3 to 30 mM significantly elevated L-PK mRNA levels in
MING beta cells after 6 h, as assessed by semiquantitative reverse
transcription-PCR (Fig. 2). Incubation with 200 uM AICAR
decreased L-PK mRNA levels in cells incubated at 30 mM
glucose (Fig. 2a), but was without effect on B-actin (Fig. 2a) or
pancreatic duodenum homeobox protein (not shown) mRNA
levels.

Effects of AICAR on L-PK Promoter Activity in Single MIN6 Beta Cells.

L-PK promoter activity was monitored through changes in
reporter firefly luciferase activity and normalized to the activity
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Fig.2. Regulation of L-PK gene expression by glucose and AICAR. L-PK mRNA
was determined by semiquantitative reverse transcription-PCR, as detailed in
Experimental Procedures, with 25 elongation cycles. (Lower) Autoradiograph
of PCR products from a single experiment, run in duplicate. (Upper) Data from
four separate experiments, *, P < 0.05 for the effect of 30 vs. 3 mM glucose;
**, P < 0.01 for the effect of AICAR. (b) L-PK promoter activity was assessed
after microinjection of cells with plasmids pLPK.Lucgr and pRL.CMV and incu-
bation for 6 h at either 3 or 30 mM glucose, plus 200 uM AICAR, as indicated.
Firefly and R. reniformis luciferase activities were measured as detailed in the
Experimental Procedures. Data were from five separate experiments, involv-
ing 42-70 productively injected cells in each condition. P < 0.05 for the effect
of 30 vs. 3 mM glucose (*) and AICAR (§).

of the constitutive cytomegalovirus promoter, driving Renilla
luciferase production (14). Cells incubated for 6 h after micro-
injection at 30 mM glucose displayed between 2.5- and 10-fold
greater L-PK promoter activity than cells maintained at 3 mM
glucose (Figs. 2b and 3). Addition of 200 uM AICAR completely
abolished the activation of transcription by glucose (Fig. 2b).

Microinjection of Anti-a2 AMPK Antibodies Causes an Increase in L-PK
Promoter Activity at Low Glucose Concentration. The above exper-
iments suggest that the effect of elevated glucose concentration
on L-PK promoter activity may be due to the inhibition of
AMPK activity. We therefore determined the effect of directly
inhibiting AMPK activity by microinjecting anti-AMPK anti-
bodies into cells then incubated at a low glucose concentration
(3mM). We first investigated the effect of nuclear microinjection
of anti-a2 antibodies because this isoform of AMPK displayed
significant nuclear localization (Fig. 1a). However, microinjec-
tion of the antibody solely into the nucleus was without effect on
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L-PK promoter activity (Fig. 3b). By contrast, separate injection
of the antibody into both the nucleus and the cytosol provoked
a powerful activation of L-PK promoter activity in cells incu-
bated in 3 mM glucose to a level indistinguishable from that
observed in cells incubated in 30 mM glucose (Fig. 3 a and c).
Injection of this antibody into both compartments and subse-
quent incubation of cells at 30 mM glucose had no additive effect
on the L-PK promoter compared with control (preimmune) IgG
(Fig. 3c). Similarly, antibody to the anti-B2-subunit of AMPK
(and capable of immunoprecipitating both «1 and o2 activities;
data not shown) also enhanced L-PK promoter activity 3-fold at
3 mM glucose, but was without significant effect after incubation
at 30 mM glucose (Fig. 3d). In contrast, anti-al antibody was
without significant effect when injected into either the nucleus
alone (not shown) or nucleus plus cytosol (Fig. 3¢). As observed
in previous studies (14), a truncated version of the L-PK
promoter lacking the glucose response element (L4 box, plasmid
pAL4.LPK.Lucgg) displayed only a small inhibitory effect of the
sugar, and this was unaffected by AMPK-«2 antibody microin-
jection (not shown). Antibodies to extracellular stimulus-
regulated kinase (Erk2)/p42 MAP kinase, which is activated by
high glucose in beta and MING cells (46, 47), were entirely
without effect on the L-PK promoter at either low or high
glucose concentrations (Fig. 3f).

Response of PPl Promoter Activity to Glucose, AICAR, and Microin-
jection of AMPK Antibodies. PPI promoter activity was enhanced
1.5- to 3-fold by 30 vs. 3 mM glucose (Fig. 4). Incubation with
200 uM AICAR diminished PPI promoter activity at either 3 or
30 mM glucose, but did not abolish the response to elevated
concentrations of the sugar (Fig. 4a). However, microinjection of
anti-AMPK «2 antibodies into the nucleus and cytosol provoked
a robust stimulation of the activity of the reporter gene in cells
maintained at 3 mM glucose, but was without effect in cells
incubated at 30 mM glucose (Fig. 4b). By contrast, injection of
antibodies to AMPK-a2 into the nucleus alone (Fig. 4c) or
anti-AMPK-al into the nucleus and cytosol (Fig. 4d) was
without effect at either [glucose]. Anti-AMPK-B2 antibodies,
injected into the cytosol and nucleus, activated the insulin
promoter more than 3-fold at 3 mM glucose and caused a smaller
(62%) activation at 30 mM glucose (Fig. 4e).

Discussion

In this paper, we have sought direct evidence that inhibition of
AMPK activity alone is sufficient to activate the transcription of
L-PK and insulin genes in an islet-derived beta cell line and,
therefore, could provide a molecular explanation of the activa-
tory effect of glucose. A key strategy in this work has been the
direct and acute inhibition of AMPK isoforms in single living
cells, achieved through antibody microinjection. Importantly,
this technique (i) allows the ready analysis of the behavior of the
protein kinase in different subcellular compartments (nucleus
and cytosol) and (i) is unlikely to suffer from “rescue” phe-
nomena, which may occur after the ablation of gene function (for
example, by homologous recombination).

First, we demonstrate that AMPK activity is stably decreased
in MING cells incubated in elevated glucose concentrations. This
presumably is caused by the activation of ATP synthesis (48) and
consequent fall in AMP levels (36) as already shown in HIT-T15
and INS-1 cells (10). AMPK may be activated by AMP, through
a number of mechanisms: (i) direct allosteric activation, (if)
exposing Thr!7? to allow phosphorylation by the upstream
kinase, AMPK kinase, (iiif) decreased dephosphorylation by
protein phosphatases, (iv) allosteric activation of AMPK kinase
(36,49-51). Whether the inhibition of AMPK activity by glucose
is achieved purely through changes in the intracellular concen-
tration of AMP or whether the direct activation of protein
phosphatases also is involved is unclear. In the latter case it is
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Fig. 3. Effect of anti-AMPK antibody injection on regulation of L-PK

promoter by glucose. (a) MIN6 cells were microinjected with plasmids
LPK.Lucrr and pCMV.RL as detailed in Fig. 2, plus either preimmune 1gG or
anti-AMPK-a2 1gG (1.0 mg-ml~' each) as shown. In all cases, cells were
doubly injected into the cytosol and nucleus and cultured for 6 h at the
indicated glucose concentrations before successive imaging of firefly and
R. reniformis luciferase activities (see Experimental Procedures and ref. 38).
The intensity of cell luminescence is given in pseudocolor
(photon-pixel~'s~1). The relative activity of the L-PK vs. cytomegalovirus
promoters in individual cells is indicated in the ratiometric images (fire-
fly/R. reniformis luciferase activities) which were calculated by using
PHOTEK software. (Bar = 50 um.) (b) Effect of nucleus-only injection of
anti-a2-antibodies. (c) Same as b, but with nucleus plus cytosolic injection.
(d) Same as ¢, but with anti-AMPK B2 antibodies. (e) Same as ¢, using anti-
AMPK «a1-1gG. (f) Same as ¢, using anti-Erk2 (p42 MAPK) antibodies. Data
from three to five separate experiments, with 20-90 productively injected
cells per condition. *, P < 0.05; **, P < 0.01; ***, P < 0.001 for the effect of
30 vs. 3 mM glucose; §8, P < 0.01 for the effect of anti-AMPK antibodies.
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Fig. 4. Effect of anti-AMPK antibody injection on regulation of the insulin
promoter by glucose. Transcriptional analysis was performed as described in
Fig. 3, after microinjection with the antibodies indicated. Effects of AICAR (no
1gG injected) (a); microinjection of control I9G or anti-AMPK-a2 IgG into the
cytosol plus nucleus (b); nucleus-only microinjection of anti-AMPK-a2 19G (c);
microinjection of control 1gG, anti-AMPK-a1, or 82 1gG into cytosol plus
nucleus, as shown (d and e). Data from three to five separate experiments,
32-105 productively injected cells per condition. *, P < 0.05; *, P < 0.01 for the
effect of 30 vs. 3 mM glucose; §, P < 0.05 for the effect of AICAR.

possible that pentose phosphate pathway intermediates may play
a role (28) because phosphatase 2A-like proteins are activated
by xylulose S5-phosphate (52, 53). In addition, glucose might
inhibit the homologous yeast SNF1 kinase complex via forma-
tion of a complex with Reglp and Glc7p, the latter representing
the catalytic subunit of protein phosphatase-1 (54).

Regulation of the L-PK Promoter by AMPK. AICAR, which is taken
up by cells and phosphorylated to the AMP analogue, ZMP (49),
inhibits the glucose-dependent activation of various glycolytic
and lipogenic genes in liver cells (25, 32, 33) and beta cells (this
study). However, it remains unclear whether AICAR is abso-
lutely specific for the activation of AMPK (49, 55). Furthermore,
the use of AICAR does not provide any information on the
relative importance of different AMPK isoforms. By contrast,
microinjection of the AMPK antibodies is predicted to lead
either to direct inhibition of catalytic activity of the complex, by
steric blockage of substrate approach, or blockade of activatory
phosphorylation by the upstream AMPK kinase. Alternatively,
injection of antibodies may disturb a dynamic process of a2-
subunit translocation through the nuclear membrane. Although
single-cell assay of AMPKa2 activity was not possible, we
consider one (or both) of the two latter mechanisms the likelier.

da Silva Xavier et al.

Thus, reactivation of AMPK by purified AMPK kinase is
strongly inhibited in vitro by anti-AMPK antibodies (S. Hawley
and D.G.H., unpublished results), whereas none of the antibod-
ies used inhibit the activity of AMPK vs. peptide substrates
(D.G.H. and ILL., unpublished results). Unfortunately, direct
examination of endogenous AMPKa2 distribution after anti-
body injection into single cells is not feasible.

Strikingly, inhibition through antibody microinjection of the
more abundant AMPK «-isoform, a1, had no effect on activated
L-PK gene expression. This is consistent with the full effects on
L-PK promoter activity seen upon specific inhibition of the a2
isoform (Fig. 3¢) and indicates that the a1 and a2 isoforms do
not exhibit redundancy with respect to this function. These data
contrast with the closely similar substrate specificities of the two
AMPK isoforms when examined in vitro (39) and therefore
might reflect differences in the subcellular localization /binding
of the al and a2 AMPK complexes. In particular, an ability of
the a2 complex to shuttle between the cytosol and the nucleus
may be crucial for the effects of glucose.

Regulation of the Insulin Promoter by AMPK. The results presented
here suggest that, in common with the L-PK promoter, the
insulin promoter is regulated through AMPK-dependent mech-
anisms. That the PPI promoter was still responsive to glucose
even in the presence of AICAR may reflect the fact that AMPK
activity is inhibited at 30 mM glucose even in the presence of this
regulator (Fig. 1b). These data may suggest either (i) additional
mechanisms of regulation of AMPK activity by glucose than
changes in intracellular adenine nucleotides, (if) distinct sensi-
tivities of the L-PK and PPI promoters to an AMPK-dependent
regulator, or (iii) AMPK-independent mechanisms of regulation
of the PPI promoter.

Possible Targets of AMPK. What may be the nature of the
phosphorylated target(s) of AMPK «2? It would appear
unlikely that phosphorylation of a known target of AMPK,
such as acetyl-CoA carboxylase (56) or hydroxymethyl glu-
taryl-CoA reductase (7), is involved, because these are phos-
phorylated efficiently by the a1 isoform of AMPK. Alternative
hypotheses therefore are either direct phosphorylation by
AMPK of transcription factors or of downstream proteins,
which subsequently alter the activity of these factors. A striking
observation of the present studies is that inhibitory effects of
the a2 antibody are dependent on their presence in the
cytoplasm as well as the nucleus (note that injection into the
cytoplasm alone was not feasible because of the requirement
for plasmid injection into the cell nucleus). This indicates that
either (i) inhibition of the phosphorylation of a cytosolic factor
by AMPK «2 is critical for the activation of glucose-dependent
nuclear events or (ii) AMPK «2 antibodies sequester this
isoform, and possibly its target/substrate, as a ternary com-
plex in the cytosol. In this way, nuclear translocation and
promoter inactivation would be prevented. In this context it is
of interest that both pancreatic duodenum homeobox protein
(31, 57) and sterol response element-binding protein (58) are
regulated in part through translocation into the nucleoplasm.

Conclusions. These data indicate that AMPK is a vital regulator
of glucose-stimulated gene expression in mammalian islet beta
cells. Intriguingly, AMPK appears to have the opposite effect
on gene expression in mammalian cells (inhibition) to that of
SNF1 in Saccharomyces cerevisiae (activation). Thus, AMPK
must inhibit a transcriptional activator (unlike SNF1, which
inhibits a repressor, Migl, in yeast) (8, 59) or activate a
repressor. As a result, mutations in the AMPK o2 gene
therefore may be important in the development of some forms
of hereditary diabetes and could act both through alterations
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in

insulin production (this work and ref. 10) and defective

glucose uptake by muscle (35, 55, 60).
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