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AMPKa is markedly phosphorylated by 24 hrs.
Phosphorylation of the AMPKa subunit is further
increased for all drug-treated samples, including
ACV, on days 2 and 3 (Fig. 3B).

Confirmation of AMPK downregulation,
and reduction in
stress-induced phospho AMPK
in pSilencer/AMPK
shRNA-transformed cell populations

levels,

Stable transformants, expressing shRNAs targeting
AMPKa, were generated in a number of ways: (a) in
HSVTK* BHK cells, cell populations were electropo-
rated with the constructed pSilencer vectors and indi-
vidual clones were grown up under G418 selection.
Reduction in levels of AMPKa in individual clones
was verified by Western blotting (Fig. 4A, panel (ii)).
The clones were then treated with 10 uM GCV and,
compared to GCV-treated clones transformed with
the negative control vector, also displayed reduced
levels of total and phospho AMPKa (Fig. 4A, panels

(v) and (vi)). Individual clones were then tested for
differences in susceptibility to cell death during
guanosine nucleoside analogue treatment. (b)
HSVTK* BHK cells were first ‘cloned out’ to obtain a
homogeneous, GCV-sensitive, population, prior to
electroporation with the constructed pSilencer vec-
tors. The electroporated populations were then
selected with G418, tested for reduction in AMPKa
expression (Fig. 4B), and assayed for differences in
susceptibility to guanosine nucleoside analogue-
induced death. (c) The homogeneous, GCV sensi-
tive, HSVTK* BHK cell population generated in ‘b’
above, was electroporated with pSilencer vectors,
followed by cloning out under G418 selection.
Individual clones, with reduced or undetectable lev-
els of AMPKa, were then assayed for differences in
susceptibility to guanosine nucleoside analogue-
induced death. (d) PC12 cells were electroporated
with the constructed pSilencer vectors, selected with
G418, tested for reduction in levels of AMPKa, and of
phospho AMPKa during glucose deprivation (Fig. 4C),
and assayed for differences in susceptibility to glu-
cose deprivation-induced death.

AMPK downregulation slows cell
growth and enhances cell death under
stress conditions

shRNA-expressing, AMPK-downregulated HSVTK*
BHK cell clones, generated by method ‘a’ described
above (where the cell population was not rendered
homogeneous by ‘cloning out’ prior to electropora-
tion), displayed disparate differences in the rate and
extent of GCV-induced apoptosis, observed morpho-
logically and by flow cytometry analysis of propidium
iodide-stained cells (data not shown). These differ-
ences were unrelated to AMPK expression. However,
since one of the clones generated was no longer sen-
sitive to GCV due to loss of the HSVTK gene, it is like-
ly that the disparate results between individual clones
reflected differences in HSVTK expression. Despite
this, it is of interest that, regardless of the method
used to generate the AMPK-targeted, shRNA-
expressing cell population, and regardless of the cell
type transformed (to date, we have tested HSVTK*
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BHK, HeLa and PC12 cell lines), the populations
transformed with the pSilencerlAMPKaz2shRNA
vector were the most difficult to grow and displayed a
slower growth rate compared to the pSilencer/
AMPKa1shRNA-transformed populations which also
displayed a slightly slower growth rate than the
pSilencerinegative control shRNA-transformed cells
(Fig. 5). In some cases, however, recovery from
slowed growth occurred within 3-5 passages, but this
regain of growth rate was generally accompanied by
regain—or increase in—AMPKa expression, despite
maintained G418 resistance.

shRNA-expressing, AMPK-downregulated HSVTK*
BHK cells, generated by method ‘b’ described above
(where the cell population was rendered homoge-
neous by ‘cloning out’ prior to electroporation) dis-
played obvious differences in susceptibility to 10 pM

PCV and GCV on days 2 and 3 of treatment, with an
increased proportion of dead cells detected in the
AMPK-downregulated populations compared to the
negative control. However, no increased susceptibili-
ty to cell death was observed on treatment with the
less potent compound, ACV.

shRNA-expressing, AMPK-downregulated HSVTK*
BHK cell clones, generated by method ‘c’ described
above, displayed differences in susceptibility to
10 pM PCV and GCV on day 2 and to 10 uM PCV
on day 3 of treatment, with an increased proportion
of dead cells detected in the AMPK-downregulated
populations compared to the negative control (Fig.
6A). Again, no increased susceptibility to cell death
was observed with ACV.

shRNA-expressing, AMPK-downregulated PC12
cell populations displayed increased susceptibility to
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phorylation at the 1 mM, but not at the 100 .M dose
(Fig. 7A). While cells were unaffected by 100 pM
AICAR, the 1 mM concentration induced cell death
associated with Caspase-3 cleavage (Fig. 7B). In
order to determine whether cell death was a direct
result of AICAR-induced AMPK phosphorylation, the
effects of AICAR treatment were investigated using
an AMPKa-targeted shRNA-expressing clone, in
which phosphorylated AMPK was undetectable, both
in the absence or presence of 1 mM AICAR (Fig. 7C).
This AMPKa-deficient clone nevertheless underwent
cell death on treatment with 1 mM AICAR, associat-
ed with Caspase-3 cleavage (Fig. 7D).

To further investigate this, we additionally com-
pared the effects of 100 uM and 1 mM AICAR on
the extent of cell death in nine HSVTK* BHK cell
clones (n = 3 pSilencer/inegative control shRNA, n =
3 pSilencerlAMPKa1ShRNA and n = 3 pSilencer!
AMPKa2shRNA-expressing clones) at 18 hrs, 42
hrs, and 64 hrs). As before, 100 uM AICAR was
found to have no effect on cell death or survival.
However, 1 mM AICAR increased levels of cell
death in all clones regardless of expression of
AMPKa. While, at later timepoints (42 hrs and 64
hrs of treatment), 1 mM AICAR caused no signifi-
cant differences in extent of death between AMPK-
expressing and AMPKa-downregulated clones, sig-
nificant differences were observed between clones
at 18 hrs of treatment with increased levels of death
in the AMPK-downregulated clones (Fig. 8A, B).
The observed increased levels of death in AICAR-
treated AMPK-downregulated cells not only pro-
vides an additional cell stress model supporting the
increased sensitivity of AMPK-deficient cells, but
also suggests that AICAR functions to Kkill cells via
additional mechanisms other than activation of AMPK.

AICAR treatment induces S-phase
accumulation in HSVTK+ BHK cells

Cell cycle analysis, carried out at 18 hrs, 42 hrs, and
64 hrs on HSVTK* BHK cells exposed to 100 wM or
1 mM AICAR, revealed a dose-dependent overall
reduction in the G1 peak and an increase in the pro-
portion of cells in S-phase at the 42 hrs and 64 hrs
timepoints (Fig. 8C). However, cell cycle stage accu-
mulation appeared to be independent of AMPK
expression level.
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Discussion

The results of this study confirm a role for activated
AMPK in delaying and reducing the extent of apop-
totic cell death occurring as a result of glucose dep-
rivation or of DNA damage. Activated AMPK may
diminish apoptotic processes by influencing gene
expression, via phosphorylation of transcriptional
(co-)activators, or via inhibitory phosphorylation of
proteins directly involved in apoptosis. This may have
implications in cancer therapy, where specific
inhibitors of AMPK might improve the outcome of
standard chemotherapy. Here we used two different
cell lines and two different cell death models and
showed in both cases that AMPK downregulation
resulted in enhanced cell death under the stress con-
ditions imposed.

The first model, in which HSVTK-expressing BHK
cells were treated with antiherpesvirus guanosine
nucleoside analogues, was originally described by
Moolten in 1986 [18] and is employed as a suicide
gene therapy approach for treating cancer. The
majority of studies confirm that GCV induces apop-
totic death in HSVTK-transformed cancer cell lines.
Few studies have additionally employed ACV and
PCV, probably because GCV is the most effective of
these analogues. The pathway of GCV-induced
apoptosis in HSVTK-transformed cells is not entirely
elucidated. In the BHK cell model described, we con-
firm Caspase-3 and PARP cleavage, accompanied
by cell shrinkage, DNA laddering and phosphatidyl
serine exposure [17] during both GCV and PCV
treatment. However, in this model the cell-killing
effect of ACV treatment has always been less potent,
appeared to induce sustained cell cycle arrest lead-
ing eventually to cell death but did not involve any
significant Caspase-3 and PARP cleavage, phos-
phatidyl serine exposure or DNA laddering. In addi-
tion we previously reported ACV treatment of
HSVTK* BHK cells to induce cell swelling, typical of
necrosis, rather than the cell shrinkage characteristic
of apoptosis. The slowed growth rate associated with
AMPK depletion in untreated HSVTK* BHK cells
might be predicted to render these cells more resist-
ant to guanosine nucleoside analogue-induced death
(due to the accompanying reduced rate of DNA repli-
cation). However, in the case of GCV and PCV, the
AMPK-depleted cells display greater sensitivity to
these analogues.
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It is of interest that, while AMPK downregulation
enhanced apoptotic death by GCV and PCV treat-
ment, it failed to influence ACV-mediated necrosis.
This might be explained by the fact that GCV and
PCV-treated cells die by an ATP-dependent mecha-
nism: apoptosis, a pre-requisite for which would be a
reduction in ATP levels in order to reach the ‘apoptot-
ic threshold’, coupled with sufficient ATP levels to
permit the apoptotic process [16]. In AMPK-deficient
cells, ATP levels are likely to fall faster to the apoptot-
ic threshold resulting in earlier or enhanced induction
of apoptosis. ACV-mediated death appears to occur
via an ATP-independent mechanism and is therefore
less likely to be influenced by reduced AMPK activity.

In the second model, in which glucose deprivation
has been shown to induce apoptosis of PC12 cells
[19, 20], we show again that the apoptotic process is
enhanced by AMPK depletion. Therefore we tenta-
tively conclude that AMPK depletion may enhance
certain apoptotic death processes but is unlikely to
influence necrotic processes. Further studies are,
however, necessary to establish whether this phe-
nomenon is extendable to the majority of cell types.

It should be considered, that these studies were
carried out on cell types in which, using the Upstate
isoform-specific antibodies, only AMPKa1 could be
detected. The fact that the AMPKapo-targeted shRNA
was able to achieve downregulation of total AMPK«
in these cell lines, suggests that the a2 sequence
may exhibit some cross-specificity, resulting in addi-
tional a1 knock-down. (This is conceivable, since the
target a1 and o2 sequences differ in only one
nucleotide.) Since the work was carried out only on
az-expressing cell lines, the apoptosis-enhancing
effect of AMPK depletion may be specific only to a1
complexes. We have additionally not investigated 3
or v isoform usage of the AMPK complexes within
these cell types, which may again affect the outcome
of the stress-induced cell death process.

The alternative school of thought supporting a pro-
apoptotic role for activated AMPK is generally support-
ed by observations that the AMPK activator, AICAR,
induces apoptosis at concentrations which also induce
AMPK phosphorylation. Our study, however, which
showed that an shRNA-expressing clone, with no
detectable AMPK expression, not only underwent
apoptosis on AICAR treatment, but also appeared to
be more susceptible, than AMPK-expressing cells, to
AICAR-induced death, provides evidence that AICAR-
induced apoptosis occurs via mechanisms independ-
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ent of AMPK activation and possibly also that AICAR-
induced AMPK activation may delay AICAR-induced
death. A candidate mechanism by which AICAR may
induce cell death, independently of AMPK activation,
could be inhibition of DNA synthesis. This is evi-
denced by the AICAR-induced S-phase accumulation,
observed in our cell cycle study, which supports the
hypothesis that ZMP, the intracellular monophospho-
rylated form of AICAR, which mediates AMPK activa-
tion, is further converted to ZTP, the triphosphorylated
form. dZTP could then interfere in DNA synthesis,
resulting in cell death as a result of triggering of DNA
damage pathways. The additional reduced levels of
AMPK in the AMPK-downregulated clones, might sub-
sequently render them more susceptible to the DNA
synthesis-inhibition mechanism of cell death, which
would provide an explanation for the AMPK expres-
sion-dependent differences in cell viability in the
absence of AMPK expression-dependent differences
in cell cycle stage accumulations.

While we provide evidence from these studies,
that AMPK depletion enhances stress-induced apop-
tosis, suggesting that AMPK inhibitors might be ben-
eficial in combination with certain cancer therapies,
the additional likelihood that AMPK upregulation/acti-
vation may delay stress-induced apoptosis, may be
of clinical benefit in reducing damage induced by
conditions such as hypoglycaemic shock or stroke.
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