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Stimulation of hepatocytic AMP-activated protein kinase by okadaic acid
and other autophagy-suppressive toxins
Hamid R. SAMARI', Michael T. N. M@LLER', Lise HOLDEN, Tonje ASMYHR and Per 0. SEGLEN?

Proteomics and Mammalian Cell Biology Section, Department of Cell Biology, Institute for Cancer Research, The Norwegian Radium Hospital, Montebello, 0310 Oslo, Norway

Autophagic activity in isolated rat hepatocytes is strongly sup-
pressed by OA (okadaic acid) and other PP (protein phosphatase)-
inhibitory toxins as well as by AICAR (5-aminoimidazole-4-car-
boxamide riboside), a direct activator of AMPK (AMP-activated
protein kinase). To investigate whether AMPK is a mediator of the
effects of the toxin, a phosphospecific antibody directed against
the activation of phosphorylation of the AMPK « (catalytic)-sub-
unit at Thr'”? was used to assess the activation status of this en-
zyme. AICAR as well as all the toxins tested (OA, microcystin-
LR, calyculin A, cantharidin and tautomycin) induced strong,
dose-dependent AMPKa phosphorylation, correlating with
AMPK activity in situ (in intact hepatocytes) as measured by
the AMPK-dependent phosphorylation of acetyl-CoA carboxy-
lase at Ser”. All treatments induced the appearance of multiple,
phosphatase-sensitive, low-mobility forms of the AMPK «-sub-
unit, consistent with phosphorylation at several sites other than
Thr'?, The flavonoid naringin, an effective antagonist of OA-
induced autophagy suppression, inhibited the AMPK phosphoryl-
ation and mobility shifting induced by AICAR, OA or micro-

cystin, but not the changes induced by calyculin A or cantharidin.
AMPK may thus be activated both by a naringin-sensitive and a
naringin-resistant mechanism, probably involving the PPs PP2A
and PP1 respectively. Neither the Thr'’?-phosphorylating protein
kinase LKB1 nor the Thr'”?-dephosphorylating PP, PP2C, were
mobility-shifted after treatment with toxins or AICAR, whereas
a slight mobility shifting of the regulatory AMPK g-subunit
was indicated. Immunoblotting with a phosphospecific antibody
against pSer'® at the B-subunit revealed a naringin-sensitive
phosphorylation induced by OA, microcystin and AICAR and a
naringin-resistant phosphorylation induced by calyculin A and
cantharidin, suggesting that 8-subunit phosphorylation could play
arole in AMPK activation. Naringin antagonized the autophagy-
suppressive effects of AICAR and OA, but not the auto-
phagy suppression caused by cantharidin, consistent with AMPK-
mediated inhibition of autophagy by toxins as well as by AICAR.
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INTRODUCTION

Autophagy is a process used by eukaryotic cells to degrade their
own cytoplasm under conditions of nitrogen starvation or stress, to
obtain amino acids and other small molecules, which are needed
for the maintenance of essential cell functions. Autophagy is
executed by specialized intracellular membrane cisternae called
phagophores, which excise and sequester pieces of cytoplasm,
forming closed vacuoles called autophagosomes. The auto-
phagosomes may fuse with endosomes to form intermediary
vacuoles called amphisomes and, eventually, the vacuolar contents
of sequestered cytoplasm are delivered to lysosomes for degrad-
ation [1].

Studies of autophagy (Atg) mutations [2] in yeast have indi-
cated that a functional phagophore requires the protein Atg8
(LC3-II in mammalian cells), which is covalently bound to phos-
phatidylethanolamine in the phagophore membrane with the help
of a ubiquitylation-like conjugation system. An Atg12—Atg5 con-
jugate, formed by a second conjugation system, seems to be as-
sociated with the phagophore during the autophagic seques-
tration process; however, on vacuole closure (autophagosome
formation), Atgl2—Atg5 detaches, whereas Atg8 remains [3].
Other proteins, mostly variants of cytosolic enzymes, have been
found to be selectively associated with autophagosomal mem-
branes in rat liver cells, but it is not clear whether these have an

autophagic function or just represent degradation intermediates
[4].

In addition to the conjugation reactions, phagophore formation
is dependent on a lipid kinase complex that includes the phos-
phoinositide 3-kinase Atg6 (beclin-1 in mammalian cells) and a
‘switching complex’ that includes the protein kinase Atgl. Atgl,
which appears to regulate yeast autophagy independent of its pro-
tein kinase activity [5], has no mammalian homologue, but several
other kinases have been suggested to be involved in the regulation
of autophagy both in yeast and mammalian cells [6]. For example,
AMPK (AMP-activated protein kinase), a Ser/Thr kinase, has
been suggested to play a role in the negative control of hepato-
cellular autophagy [7]; surprisingly, its yeast homologue, Snfl,
has the opposite effect [8]. Pho85, a cyclin-activated Ser/Thr
kinase, antagonizes Snfl and suppresses autophagy in yeast [8].
Furthermore, the rapamycin-sensitive protein/lipid kinase TOR
inhibits autophagy both in yeast and mammalian cells [9,10] and
may partly mediate the autophagy-suppressive effect of amino
acids [11]. In yeast, TOR has been shown to promote the phos-
phorylation and inactivation of Atgl3, an Atgl-stimulatory pro-
tein factor [12]. Other protein kinases that have been implicated
in the regulation of autophagic activity include PKA (cAMP-de-
pendent protein kinase) [13], MAPK (mitogen-activated pro-
tein kinase) [14], stress-activated protein kinases [15,16], PKB
(protein kinase B)/Akt [17], p70 S6 kinase [1,9,16], CaMKs
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(Ca**/calmodulin-dependent protein kinases) [18,19] and protein-
tyrosine kinases [20]. elF2« (eukaryotic initiation factor 2u)
kinases appear to be required for the long-term maintenance of
autophagic capacity in both yeast and mammalian cells, probably
through phosphorylation of a transcriptional activator (Gen4) of
autophagy genes [21].

In rat hepatocytes, overphosphorylation induced by various PP
(protein phosphatase)-inhibitory toxins has been shown to inhibit
autophagic activity completely [22]. Dose-response consider-
ations indicated the involvement of PP2A, whereas autophagy-
inhibitory protein kinases have remained elusive. Although the
autophagy-suppressive effect of OA (okadaic acid), an algal toxin,
is effectively antagonized by CaMK-II inhibitors [22], the fla-
vonoid naringin, which does not inhibit CaMK-II [16], is an
equally effective antagonist [23], indicating an enzyme other than
CaMK-II as the mediator of the toxin effect. In a search for this
naringin-sensitive protein kinase, we examined the effects of
various toxins and of naringin on AMPK [7]. The results, parts
of which have been reported in a preliminary form [16], show that
AMPK can be phosphorylation-activated by naringin-sensitive as
well as by naringin-resistant mechanisms, depending on the toxin
administered. This differential naringin sensitivity is also ob-
served at the level of autophagic sequestration. The suppression of
hepatocellular autophagy during toxic stress may thus be mediated
by complex signalling events upstream of AMPK.

EXPERIMENTAL
Reagents

OA and MC (microcystin-LR) were obtained from Alexis Bio-
chemicals (Ldufelfingen, Switzerland); calyculin A, canthari-
din and tautomycin were from Calbiochem (San Diego, CA,
U.S.A.) and AICAR (5-aminoimidazole-4-carboxamide riboside)
was from Toronto Research Chemicals (North York, ON, Canada).
Polyclonal rabbit antibodies against AMPK «- and B-subunits,
LKBI1, Thr'”>-phosphorylated AMPKe, Ser'®-phosphorylated
AMPK 8, Ser”-phosphorylated ACC (acetyl-CoA carboxylase) as
well as horseradish peroxidase-linked anti-rabbit IgG antibody
were purchased from Cell Signaling Technology (Beverly, MA,
U.S.A.). A polyclonal antibody against PP2C was obtained from
Oxford Biomedical Research (Oxford, MI, U.S.A.). Rainbow
molecular-mass standards (RPN 756) and the ECL® Western
blotting detection kit were from Amersham Biosciences (Little
Chalfont, Bucks., U.K.). SDS, acrylamide and bisacrylamide were
obtained from Bio-Rad Laboratories (Hercules, CA, U.S.A.). Dry
milk powder was from Nestlé (Vevey, Switzerland) and nitro-
cellulose membranes were from Osmonics (Westborough, MA,
U.S.A.). Methanol and acetic acid were from Merck (Whitehouse
Station, NJ, U.S.A.), metrizamide was from Nycomed Pharma
AS (Oslo, Norway) and alkaline phosphatase (molecular biology
grade) was from Roche Applied Science (Penzberg, Germany).
Other biochemicals were purchased from Sigma (St. Louis, MO,
US.A).

Animals and cells

Hepatocytes were isolated from 18 h-starved male Wistar rats
(250-300 g; Harlan UK Ltd, Shaws Farm, Oxon, U.K.) by two-
step collagenase perfusion [24], purified by differential centri-
fugation and resuspended in suspension buffer fortified with 2 mM
Mg>" and 15 mM pyruvate [24]. For immunoblotting studies,
0.4 ml aliquots of cell suspension, each containing approx. 30 mg
of cells (wet mass), were incubated for 60 min at 37 °C in shaking
centrifuge tubes. In autophagy experiments, 2 ml aliquots of cell
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suspension, containing approx. 20 mg of cells, were incubated for
120—140 min at 37 °C in 5 cm Nunclon Petri dishes precoated with
albumin to prevent attachment of the cells to the substratum [25].

Gel electrophoresis and immunoblotting

Incubations were stopped by adding 2 ml of ice-cold TBS (Tris-
buffered saline; 20 mM Tris and 0.1 % Tween 20, pH 7.6) to each
tube, followed by centrifugation of the cells at 600 g,,. for 4 min
in the cold (4 °C); the washing was repeated once. The cells were
lysed for 30 min on ice in 1 ml of lysis buffer containing 0.4 %
(w/v) SDS, 5mM EDTA, 5mM EGTA, 10 mM sodium pyro-
phosphate and 20 mM Tris (pH 7.2). The resulting whole-cell ex-
tracts were diluted with an equal volume of double-strength SDS
gel-loading buffer [single-strength: 0.5% (v/v) SDS, 2.4 mM
sodium deoxycholate, 5% (v/v) mercaptoethanol, 0.5 % (v/v)
Igepal CA-630, ~0.05% (w/v) Bromophenol Blue, 6.7 %
(v/v) glycerol and 60 mM Tris/HCI, pH 6.8] and boiled for 5 min
at 95°C. After measuring the protein contents of the extracts by
the method of Bradford [26], using the BCA protein assay kit from
Pierce (Rockford, IL, U.S.A.), samples containing 20 ug of pro-
tein were separated by SDS gel electrophoresis for approx. 40 min
at 200 V, generally in 10 % (w/v) polyacrylamide gels containing
0.1 % SDS. The gels to be used for immunoblotting against the
high-molecular-mass enzyme pACC (phosphorylated ACC) con-
tained 6 % polyacrylamide and 6 M urea. Molecular-mass stan-
dards were included in all gels.

The separated proteins were transferred on to nitrocellulose
blotting membranes using a semi-dry transfer unit or on to PVDF
membranes using a Mini Trans-Blot transfer unit (both instru-
ments from Bio-Rad Laboratories). Towbin’s blotting buffer
[192 mM glycine, 20 % (v/v) methanol and 25 mM Tris, pH 8.3]
was used with both instruments, except for pACC immunoblot-
ting, where the methanol was omitted. The membranes were
blocked with 5 % (w/v) dry milk in TBS-T (TBS containing 0.2 %
Tween 20) and washed three times with TBS-T at room tem-
perature (22 °C). For detection, the membranes were first incub-
ated overnight at 4°C with the respective antibodies, generally
diluted 1:1000 with TBS-T containing 5 % (w/v) BSA. The anti-
body against phospho-AMPKa was diluted with BSA-free TBS-
T, and the antibody against pACC was diluted with TBS-T con-
taining 2 % dry milk. After washing three times with TBS-T,
the membranes were incubated for 30 min at room temperature
with anti-rabbit horseradish peroxidase (diluted 1:1000 in TBS-
T), washed three more times with TBS-T and finally visualized
by chemiluminescence using the ECL®/ECL + Western detection
kit (Amersham Biosciences).

Alkaline phosphatase treatment

To dephosphorylate phosphoproteins, 15 ul of lysed cell extract
(containing approx. 100 pg of protein) was mixed with 1.5 pl of
alkaline phosphatase (2 units/ul; prepared by diluting the stock
solution to 1:10 using the dephosphorylation buffer provided by
the supplier) and incubated for 3 h at 37 °C. This concentration of
alkaline phosphatase (~ 200 units/ml) appeared to provide max-
imal dephosphorylation of phosphorylated AMPK, as higher con-
centrations (up to 700 units/ml) were no longer effective.

Measurement of autophagy

Autophagy was measured as the net sequestration of an endo-
genous cytosolic enzyme, LDH (lactate dehydrogenase), into
sedimentable autophagic vacuoles (mostly autolysosomes) during
2 h of incubation at 37 °C, with the proteinase inhibitor leupeptin
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Figure 1  Stimulation of AMPK phosphorylation by AICAR

Freshly isolated rat hepatocytes were incubated for 1h at 37°C with (A) AICAR or (B) a
physiological amino acid mixture, at the concentrations indicated. Cell extracts were immuno-
blotted with an antibody against the Thr'”2-phosphorylated AMPK «-subunit. The position of a
66 kDa marker protein is indicated.

(0.3 mM) added to prevent intralysosomal LDH degradation [27].
After incubation, the cells were sedimented at 600 g for 4 min
in the cold (4°C), resuspended in 4 ml of ice-cold unbuffered
(electrolyte-free) 10 % (w/v) sucrose and centrifuged again. The
resuspension and centrifugation were repeated once more and,
finally, the cell pellet was resuspended in 0.5 ml of 10 % sucrose,
briefly warmed to 37°C and electrodisrupted by a single high-
voltage (2kV/cm) pulse. The disrupted cells were centrifuged
through a metrizamide/sucrose cushion, and the amount of LDH
in the resulting cytosol-free sediment was measured and expressed
as a percentage (autophagically sequestered per hour) of the total
cellular LDH in the sample [27].

RESULTS

Stimulation of AMPK phosphorylation by AICAR
but not by amino acids

Autophagic activity in isolated rat hepatocytes has been shown
to be strongly suppressed by adenosine, AICAR and various
adenosine analogues [7,28]. The suppression of autophagy can
be eliminated by the adenosine kinase inhibitor, 5-iodotubercidin,
suggesting mediation by AMP and AMP analogues and a possible
involvement of AMPK [7,28]. Hepatocytic autophagy can also be
inhibited by amino acid mixtures [11], as well as by OA and other
algal toxins [22], but the mechanisms of action of these agents are
not known.

AMPK is activated allosterically by AMP; however, in addition,
its activity is absolutely dependent on phosphorylation at Thr'"
by an upstream protein kinase [29], recently identified as LKB1
[30,31]. The availability of a commercial, phosphospecific anti-
body that detects phosphorylation of AMPK at Thr'”? has al-
lowed a closer examination of the effects of autophagy suppres-
sants on AMPK activation. As shown in Figure 1(A), treatment
of freshly isolated rat hepatocytes with AICAR induced a dose-
dependent phosphorylation of AMPK at Thr'”?, indicating activ-
ation of the enzyme. Probably, the direct binding of AMP to
AMPK alters its susceptibility towards phosphorylation by LKB1,
although it has also been suggested that the AMPK-phosphoryl-
ating enzyme itself could be allosterically activated by AMP [29].
Some basic AMPK phosphorylation could usually be detected, but
it varied, probably reflecting various degrees of hypoxia sustained
during hepatocyte preparation. This variable background probably
accounted for the variability (in the range 0.03—1 mM) in the
AICAR concentrations needed to obtain a detectable effect.

In addition to increasing the pThr'”? immunoreactivity of the
single AMPK band seen in unstimulated cells, AICAR treatment

pAMPK (pThr172)

0 30

50 100 300

= TR

OKADAIC ACID (nM) 0 3 1

—1 L.l
1 3

MICROCYSTIN (uM) 0 0.01 003 01 03

CALYCULIN A (nM) 0 10 30 100 300 500 1000

e G W R S =

CANTHARIDIN (uM) 0 3 10 30 100 300 1000

TAUTOMYCIN (uM) 0 001 003 01 03 1 3

Figure 2 Stimulation of AMPK phosphorylation by various toxins

Hepatocytes were incubated for 1 h at 37 °C with A, MC, calyculin A, cantharidin or tautomycin
at the concentrations indicated. Cell extracts were immunoblotted with an antibody against
Thr'”2-phosphorylated AMPKer.

induced immunoreactivity at two adjacent bands of lower mobility
(Figure 1A, arrows). Since Thr'™ phosphorylation could be de-
tected in all three bands, additional structural or conformational
changes associated with AMPK activation must be responsible
for the mobility shift. Phosphorylation at additional sites is quite
probable, particularly since both Thr**® and Ser** in the AMPK
a-subunit have been shown to be subject to phosphorylation,
apparently by the same enzyme [32]. Probably, binding of the
AICAR-derived AMP analogue increases the susceptibility of
AMPK towards phosphorylation at several sites.

Unlike AICAR, a physiological mixture of amino acids had no
effect on AMPK phosphorylation (Figure 1B). The mixture has
previously been shown to inhibit autophagy maximally at approx.
12 mM, the ‘single-strength’ (1x) concentration corresponding
to the amino acid levels in portal blood after a protein-rich meal
[33]. Thus the autophagy-suppressive effect of amino acids may
not be mediated by AMPK.

Activation of AMPK by OA, microcystin and other toxins

To see if other autophagy suppressants might stimulate AMPK
phosphorylation, the effects of various PP-inhibitory toxins were
examined. OA and other algal toxins have previously been shown
to suppress hepatocytic autophagy almost completely, with dose
characteristics suggesting the involvement of PP2A [22]. As
shown in Figure 2, the toxins OA, MC, calyculin A, cantharidin
and tautomycin all stimulated AMPK phosphorylation in a dose-
dependent manner. OA and calyculin A were the most potent
stimulants, with detectable effects at 30 nM and maximal effects
at 100-300 nM. The effect of microcystin could be detected at
100 nM, whereas tautomycin and cantharidin required micro-
molar concentrations to produce detectable effects. The toxins
induced a more pronounced mobility shift when compared with
AICAR; at the highest toxin concentrations, the AMPK form
of lowest mobility was predominant. It should be noted that
effective toxin concentrations vary considerably from experiment
to experiment (partly due to the variable AMPK pre-activation
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phospho-Acetyl-CoA carboxylase (pSer79)
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Figure 3 Toxin- and AICAR-induced phosphorylation of ACC, an AMPK
substrate

Hepatocytes were incubated for 1 h at 37°C with (A) OA, MC, calyculin A or cantharidin or
(B) AICAR, at the concentrations indicated. Cell extracts were immunoblotted with an antibody
against Ser”>-phosphorylated ACC. The position of a 250 kDa marker protein is indicated.

alluded to above), necessitating some caution when performing
inter-experimental comparisons.

To check whether phosphorylation of AMPK at Thr'” really
correlated with AMPK activity, the phosphorylation of cellular
ACC in toxin-treated hepatocytes was examined. ACC is specifi-
cally phosphorylated by AMPK at Ser” [34], making this phos-
phosite a convenient indicator for the activity of AMPK in intact
cells. As shown in Figure 3(A), ACC phosphorylation was
strongly stimulated by all the toxins tested (OA, MC, calyculin
A and cantharidin), confirming the assumption that AMPK phos-
phorylation at Thr'”? is accompanied by AMPK activation. ACC
phosphorylation was also clearly stimulated by the established
AMPK activator, AICAR (Figure 3B). The ability of the toxins to
stimulate AMPK phosphorylation and AMPK activity would be
compatible with a role for AMPK in mediating their autophagy-
suppressive effects.

Differential naringin sensitivity of toxin-induced
AMPK phosphorylation

The autophagy-suppressive effect of OA has been shown to be an-
tagonized effectively by naringin, a grapefruit flavonoid believed
to inhibit a protein kinase involved in the negative regulation of
autophagy [23]. Several other OA effects on rat hepatocytes are
also naringin-sensitive, such as the inhibition of endocytosis [23],
the disruption of keratin and plectin cytoskeletal networks
[23,35,36] and the induction of apoptotic cell death [35].

As shown in Figure 4(A), naringin strongly antagonized the
effect of OA on AMPK (Thr'”?) phosphorylation, largely prevent-
ing the formation of phosphorylated low-mobility forms. Simi-
larly, the AMPK phosphorylation induced by MC was virtually
abolished by naringin. In contrast, naringin did not antagonize
AMPK phosphorylation induced by calyculin A or cantharidin.
These results parallel our previous observations on hepatocytic
plectin phosphorylation, which suggested the involvement of two
phosphorylation mechanisms: one naringin-sensitive mechanism
probably involving inhibition of PP2A by microcystin or low
concentrations of OA and one naringin-resistant mechanism pro-
bably involving PP1 inhibition by calyculin A, cantharidin or
tautomycin [16]. The hypothesis is based in large measure on the
known relative specificities of the toxins towards PP1 and PP2A
in intact cells and cell-free systems.
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Figure 4 Differential naringin sensitivity of AMPK phosphorylation induced
by algal toxins or AICAR

Hepatocytes were incubated for 1h at 37°C with (A) OA (60 nM), MC (3 M), calyculin A
(0.3 M) or cantharidin (30 ..M), (B) AICAR (1 mM), at various concentrations of naringin, or
(C) naringin (100 M) alone or in the presence of OA or AICAR, as indicated. Cell extracts were
immunoblotted with an antibody against Thr'”?-phosphorylated AMPK.

Consistent with its effects on AMPK phosphorylation, naringin
antagonized the stimulatory effects of OA and microcystin on
phosphorylation of the AMPK substrate ACC, whereas the stimu-
latory effects of calyculin A and cantharidin were unaffected
(results not shown). Both the naringin-sensitive and the naringin-
resistant toxin mechanisms thus clearly regulate AMPK activity.
Naringin alone had little or no effect on the basal (unstimulated)
level of AMPK phosphorylation (Figure 4C).

AICAR-induced AMPK phosphorylation is also naringin-sensitive

Interestingly, the AMPK phosphorylation induced by AICAR was
also strongly antagonized by naringin (Figure 4B). This effect
of naringin could reflect a direct binding to AMPK, e.g. in com-
petition with AMP, resulting in decreased susceptibility of the en-
zyme to phosphorylation. Alternatively, naringin could interfere
with regulatory interactions between the AMPK subunits or affect,
directly or indirectly, the enzymes involved in AMPK phos-
phorylation and dephosphorylation. Flavonoids are structurally
similar to adenine nucleotides and inhibit a variety of protein
kinases by competing with ATP for binding to the catalytic site
[37-39]. The ability of naringin to suppress the direct AMPK
activation by AICAR seems to suggest that the naringin-sensitive,
putatively PP2A-mediated toxin mechanism discussed above is
more proximal to AMPK when compared with the naringin-
resistant, putatively PP1-mediated mechanism.



Toxin-induced activation of AMP-activated protein kinase 241

MICROCYSTIN CALYCULIN A
(A) Anti-AMPK
(general) o - - —— - - -
Anti-pAMPK
(Thr172) - wewn . .-
TOXIN - + . - B -
NARINGIN : : + = . 4
(B) Anti-pAMPK --
(Thr172) -—-
TOXIN . + + : + +
PHOSPHATASE - - + + . +

Figure 5 Toxin-induced, naringin-sensitive AMPK mobility shifts as detec-
ted by general or phosphospecific anti-AMPK antibodies

(A) Hepatocytes were incubated for 1h at 37°C with MC (3 M) or calyculin A (0.5 M) in
the absence or presence of naringin (100 .M). Cell extracts were immunoblotted with a general
antibody against the AMPK a.-subunit (upper lanes) or with a phosphospecific antibody against
Thr'”2-phosphorylated AMPK (lower lanes). (B) Extracts (containing ~ 6 mg of protein/ml) from
hepatocytes incubated with or without MC or calyculin A as in (A) were treated for 3 h at 37 °C
with alkaline phosphatase (150 units/ml) as indicated.

Low-mobility forms of AMPK could not be detected
before toxin treatment

The low-mobility AMPK forms detected by the anti-pAMPK-
(pThr'™) antibody in toxin- or AICAR-treated cells could be the
result of a treatment-induced mobility shift, or else they could re-
present pre-existing molecular forms that become detectable
as the result of treatment-induced Thr'”* phosphorylation. To
distinguish between these two possibilities, immunoblotting was
performed with a general anti-AMPK antibody capable of detect-
ing unphosphorylated as well as phosphorylated AMPK «-sub-
units. As shown in Figure 5(A), a mobility shift was detected with
this general antibody (upper lanes) as well as with the phospho-
specific antibody (lower lanes) after treatment with either micro-
cystin or calyculin A. Similar shifts (not shown) were observed
with OA, cantharidin or AICAR. The mobility shifts induced by
microcystin (Figure 5A), OA or AICAR were naringin-sensitive,
whereas the shifts induced by calyculin A (Figure 5A) or can-
tharidin were not. Results obtained with the general anti-AMPK
antibody thus mimic those obtained with the phosphospecific anti-
body, showing that the low-mobility forms of AMPK do not pre-
exist in detectable amounts in control cells, but are formed as a
result of the treatment with AICAR or phosphorylation-inducing
toxins.

To check whether the toxin-induced low-mobility AMPK forms
might represent phosphorylated enzyme species, the cell extracts
were pretreated with alkaline phosphatase before gel electro-
phoresis. The phosphatase treatment completely eliminated the
low-mobility bands induced by microcystin or calyculin A (Fig-
ure 5B), indicating that they indeed represented AMPK «-subunits
modified by toxin-induced phosphorylation at sites additional to
Thr'”?. Some immunoreactivity remained in the high-mobility
band after phosphatase treatment of extracts from toxin-treated
cells, perhaps indicating that the pThr'™* site was more resistant
to dephosphorylation compared with the other sites.

Lack of effect of toxins and AICAR on the mobility of LKB1 or PP2C

The AMPK «-subunit is phosphorylated at Thr'’? by the protein
kinase LKB1 [30,31] and thought to be dephosphorylated at
this site by PP2C [40,41]. Both of these enzymes are, therefore,
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Figure 6 Lack of effect of toxins, AICAR and naringin on LKB1 and PP2C
electrophoretic mobhility

Hepatocytes were incubated for 1 hat 37 °C with AICAR or toxins at the concentrations indicated,
inthe presence or absence of naringin (100 z.M). Cell extracts were immunoblotted with a general
antibody against (A) LKB1 (bands located at approx. 53 kDa) or (B) PP2C (bands located at
approx. 42 kDa). No mobility shifts are indicated.

potential mediators of the toxin effects on Thr'’?> phosphorylation.
Immunoblotting with general antibodies against LKB1 and PP2C
(phosphospecific antibodies being unavailable at this time) gave
good staining in the expected gel positions of both LKB1 (at
53 kDa; this enzyme bands higher than its nominal molecular
mass of 49 kDa) and PP2C (at 42 kDa, which corresponds closely
to the molecular masses of the «- and S-subunits, both of which
react with this polyclonal antibody) respectively. However, none
of the enzymes exhibited any detectable mobility shifting after
treatment of hepatocytes with toxins or AICAR, be it in the
absence or presence of naringin (Figure 6). Although phosphoryl-
ations that do not alter the mobility of the enzymes cannot be
excluded, the results do not support a role for either LKB1 or
PP2C as toxin targets.

Toxin- and AICAR-induced mobility shifting and phosphorylation
of the AMPK B-subunit

Since phosphorylation of the regulatory AMPK S-subunit at Ser'*®
has been suggested to be important for AMPK enzymic activity
[42], the possibility that this subunit could be affected by toxin
treatment was examined. As shown in Figure 7(A), immuno-
blotting with a general antibody against AMPK 8 indicated a slight
upward mobility shift of a band at approx. 35 kDa (the nominal
molecular mass of AMPKg is 30 kDa) after treatment with toxins
or AICAR. Antagonistic effects of naringin were too marginal to
be interpreted reliably.

To ascertain better the effects of the tested agents on AMPKp
phosphorylation, immunoblotting with a phosphospecific anti-
body against Ser'®-phosphorylated AMPKB was performed.
Strong immunostaining at 35 kDa was observed after treatment
with toxins or AICAR. The phosphorylation was naringin-
sensitive for OA, MC or AICAR, but naringin-resistant for
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Figure 7 Effects of toxins, AICAR and naringin on electrophoretic mobility
and phosphorylation of the AMPK B-subunit

Hepatocytes were incubated for 1 hat 37 °C with AICAR or toxins at the concentrations indicated,
in the presence or absence of naringin (100 M). Cell extracts were immunoblotted with
(A) a general antibody against AMPKB or (B) a phosphospecific antibody against AMPKB
phosphorylated at Ser'® (pAMPKB); in both cases, the bands are located at approx. 35 kDa in
the gels. The mobility shifts in (A) are, in most cases, best seen as a slight increase in the band
front (bottom) in the second column relative to the first and third columns.

calyculin A or cantharidin (Figure 7B). The effects of these agents
on AMPK 8 phosphorylation thus parallel their effects on AMPK«
phosphorylation.

Autophagy-suppressive toxin effects are differentially
naringin-sensitive

To see if the differential naringin sensitivity of the AMPK-activ-
ating toxins might be reflected at the level of autophagy,
the autophagic activity of hepatocytes treated with either OA
(naringin-sensitive) or cantharidin (naringin-resistant) was ex-
amined. As shown in Figure 8(A), both OA and cantharidin sup-
pressed autophagy effectively, OA being approximately two
orders of magnitude more potent than cantharidin. The autophagy-
inhibitory effect of OA was effectively antagonized by naringin,
but the inhibition by cantharidin was not (Figure 8§B). Although
naringin itself, for reasons not known, decreased the autophagic
activity rather more than in previous experiments [23], there was
clearly very little additional effect of OA at the highest concen-
trations of the flavonoid, whereas cantharidin was strongly auto-
phagy-suppressive at all naringin concentrations. Thus, similar to
AMPK phosphorylation, autophagy can apparently be modulated
by either naringin-sensitive or naringin-resistant mechanisms, de-
pending on the nature of the toxin applied. This observation is
consistent with an involvement of AMPK in the down-regulation
of hepatocellular autophagy under toxic stress.
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Figure 8 Differential naringin sensitivity of autophagy-suppressive toxins

(R) Hepatocytes were incubated for 2h at 37°C with OA (@) or cantharidin (A) at the
concentration indicated. Autophagic activity during this period was measured and expressed as
a percentage of the control rate without toxins (3.3 %/h). (B) Hepatocytes were incubated for
140 min at 37 °C with naringin alone at the indicated concentrations (O) or together with 40 nM
0A (@) or 3 .M cantharidin (A), added 20 min after naringin. Autophagic activity during the
last 2 h of incubation was measured and expressed as percentage of the control rate without
additions (2.9 %/h). Each value is the mean + S.E. (or range) of 2—4 experiments. Some of the
standard errors are hidden by the symbols.

Autophagy-suppressive effect of AICAR is naringin-sensitive

Since AMPK appears to be a mediator of naringin-sensitive as
well as of naringin-resistant toxic stress, it would be of interest
to examine to what extent the autophagy-suppressive effect of
AICAR might be naringin-sensitive. As shown in Table 1, naringin
eliminated the AICAR-induced suppression of autophagy as ef-
fectively as it eliminated the autophagy-suppressive effect of OA.
The effects of naringin on autophagy thus parallel its effects
on AMPK phosphorylation (Figure 3), supporting the notion of
AMPK as the mediator of AICAR-induced autophagy suppres-
sion [7].

DISCUSSION

Results of the present study show that AMPK is a target for several
autophagy-suppressive toxins and suggest that the toxins may use
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Table 1  Antagonistic effect of naringin on autophagy suppression induced
by AICAR or 0A

Hepatocytes were incubated for 140 min at 37 °C with or without naringin (100 .M) alone or
together with OA (30 nM) or AICAR (100 1.M), which were added 20 min after the addition of
naringin. Autophagic activity during the last 2 h of incubation was measured and expressed in
terms of percentage per hour. Values are the means + S.E.M. for the numbers of experiments
given in parentheses.

Autophagic activity (%/h)

Control AICAR (100 M) 0A (30 nM)
Control 2734013 (4) 0.69+ 020 (4) 0.63+0.14(3)
Naringin (100 M) 163+ 0.03 (4) 165+0.03 (2) 162+0.18(3)

two different AMPK-activating mechanisms: one naringin-sen-
sitive and one naringin-resistant. Such a differential naringin
sensitivity was also observed in our previous study of toxin-
induced plectin phosphorylation [16], where it was pointed out
that naringin sensitivity correlates quite well with the ability of
the toxins to inhibit PP2A selectively compared with PP1. Thus,
in intact cells, the naringin-antagonized toxins, namely OA and
MC, seem to function as selective PP2A inhibitors, whereas the
naringin-resistant toxins, namely calyculin A, cantharidin and
tautomycin, act as selective inhibitors of PP1 [16].

Although AMPKa can be dephosphorylated at pThr'”? by
mixtures of PP1 and PP2A in cell extracts [32], the dephosphoryl-
ation seems to be performed exclusively by PP2C in intact cells
[40]. Therefore, the effects of toxins on AMPK are, probably,
indirect, which leaves open whether they, in fact, stimulate phos-
phorylation or inhibit dephosphorylation at Thr'’. Since no alter-
ation in PP2C mobility could be detected in the present study and
since the toxins all seemed to induce phosphorylation at several
AMPKa sites (detectable as the appearance of low-mobility
bands), an indirect (permissive) effect on Thr'”* phosphorylation
would appear to be most plausible. Although AMPKa1 is phos-
phorylated inducibly at Thr**® and constitutively at Ser'®, these
sites do not appear to contribute to AMPK activation [32], sug-
gesting that the AICAR-induced low-mobility AMPK forms
reflect phosphorylation at other sites that are more permissive
for the activating phosphorylation at Thr!7?,

AMPK is a heterotrimeric enzyme composed of a catalytic
a-subunit and regulatory y- and B-subunits, all of which can be
represented by at least two isoforms. The y-subunit can bind two
molecules of ATP which seem to contact and inhibit the «-subunit,
or two molecules of AMP which relieve the inhibition and support
a-subunit activity [43]. The y-subunit is apparently not subject
to phosphorylation [32], but the ability of AICAR to stimulate
Thr'”? phosphorylation of the a-subunit, demonstrated in the
present study as well as in previous reports [16,44], indicates
that relief from inhibition by ATP and the y-subunit makes the
a-subunit more susceptible to phosphorylation. The SB-subunit
can, like the «-subunit, be phosphorylated at several sites, one of
which (Ser'®) is supposed to be an autophosphorylation site of im-
portance for AMPK activity [42]. The fact that this S-subunit site
is phosphorylated in parallel with the o-subunit after toxin and
AICAR treatment is consistent with secondary phosphorylation
by the «-subunit, but a primary, permissive function of the S-sub-
unit phosphorylation cannot be excluded.

The AMPK kinase responsible for phosphorylation at Thr'”
was recently identified as LKB1, a tumour-suppressive protein
mutated in a cancer-predisposing disease, the Peutz—Jeghers syn-
drome [30,31]. Although cellular LKB1 can be phosphorylated
by a number of protein kinases [45], its ability to phosphorylate

AMPK appears to be independent of its phosphorylation state
[31]. The unaltered mobility of LKB1 in toxin-treated cells,
as demonstrated in the present study, indeed suggests that the
toxins (like AICAR) do not stimulate AMPK phosphorylation
through LKB1 activation, but rather by increasing the suscepti-
bility of AMPK to phosphorylation by LKBI1.

Since the permissive effects of toxins on Thr'”* phosphorylation
appear to be mediated both by naringin-sensitive (PP2A-associ-
ated) and naringin-resistant (PP1-associated) mechanisms,
several different protein kinases are probably involved. CaMK-II,
which has been implicated both in apoptotic and autophagy-sup-
pressive toxin effects [46,47], is naringin-resistant [16] and would
thus be a candidate for participation in the PP1-associated mech-
anism. Similarly, PKA may be involved in a partially naringin-sen-
sitive suppression of hepatocytic autophagy [13] that could reflect
the PP2A-associated mechanism. As for the mechanism of action
of naringin, further studies will be needed to establish whether
the flavonoid acts on AMPK itself (acting, e.g., as an AMP
antagonist) or on a protein kinase involved in permissive AMPK
phosphorylation.

The good correlation between the effects of toxins, AICAR
and naringin on AMPK activation and autophagy suppression is
consistent with a role for this kinase in the regulation of hepato-
cellular autophagy under metabolic and toxic stress. In yeast cells,
AMPK/Snf1 stimulates autophagy rather than suppressing it [8],
but it is not yet known whether this difference reflects the unique
metabolic function of the liver or reflects fundamentally different
stress survival strategies in yeast and mammalian cells. Auto-
phagy-regulatory signalling mechanisms downstream from
AMPK have not yet been clarified, but some putative elements are
beginning to emerge. For example, both AICAR and the PP2A-as-
sociated toxins (OA, MC) induce naringin-sensitive phosphoryl-
ations of the stress-activated protein kinases SEK1 (stress-activ-
ated protein kinase/extracellular-signal-regulated kinase kinase 1)
and JNK (c-Jun N-terminal kinase) [16]. Another member of this
kinase family, p38, has previously been implicated in the sup-
pression of autophagy induced by osmotic (hypo-osmotic) stress
[15,48]. S6 kinase, an enzyme suggested to mediate amino acid-
induced autophagy inhibition through phosphorylation of the ribo-
somal protein S6 [49], is not activated by either toxins or
AICAR, but these agents induce, as do the amino acids, regulatory
phosphorylations in the tail region of the enzyme [16] compatible
with a non-catalytic, autophagy-suppressive function of the pro-
tein. Finally, OA and MC have been shown to induce naringin-
sensitive phosphorylation of cytoskeletal proteins such as keratin
and plectin and to cause naringin-sensitive disruption of the in-
tracellular networks of plectin and keratin intermediate filaments
[16,35,36]. These cytoskeletal alterations are probably mediated
by AMPK and its downstream effectors and could well play
an instrumental role in the suppression of autophagy, e.g. by
perturbing the phagophore movements required for the autophagic
sequestration of cytoplasm [1].
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