
Abstract. Human colorectal adenocarcinoma sublines either
deficient (HCT116+ch2) or proficient (HCT116+ch3) in
the function of MLH1, one of five proteins crucial to DNA
mismatch repair (MMR), were used to investigate whether
the Akt-specific inhibitor LY294005 could not only increase
the efficacy of platinum drugs in HCT116 cells in general but
also increase the efficacy of the cisplatinum compounds
Cisplatin and Lipoplatin specifically in MLH1-deficient,
Cisplatin- and Lipoplatin-resistant HCT116 cells. We report
that, under the conditions it increased the efficacy of Docetaxel
and did not affect that of 6-thioguanine, LY294005 decreased
the sensitivity of both sublines to Cisplatin, Lipoplatin,
Oxaliplatin, and Lipoxal. Notably, the LY294005-imposed
decrease was significantly higher in the MLH1-proficient
than in the MLH1-deficient subline with Cisplatin and
Lipoplatin, whereas it was nearly the same in both sublines
with Oxaliplatin and Lipoxal. These LY294005-imposed
changes in drug sensitivity, i.e. increase with Docetaxel and
decreases with platinum compounds, were not associated
with the concomitant abrogation in the levels of phospho-
Aktser473. Analogous changes in drug sensitivity were also
observed with the PI3-kinase inhibitor LY294002, but
these changes were associated with complete abrogation of
phospho-Aktser473. These observations suggest a possible
relationship between MMR-mediated cisplatinum DNA
damage signaling and the Akt signaling pathway, e.g. a
common target for both pathways. A possibly novel property
of Akt in aggravating drug sensitivity may also be proposed.

Introduction

DNA mismatch repair (MMR) is a post-replicative repair
machinery that recognizes and corrects DNA biosynthetic
errors occurring spontaneously during replication. It therefore
contributes to the maintenance of genome integrity and to the
prevention of carcinogenesis (1-5). MMR is also linked to
the control of cell cycle check-points and apoptosis (6,7).
Many studies including ours have shown that loss of MMR
function is associated with resistance to the cytotoxic effect
of several types of DNA damaging agents such as alkylating
agents, platinum compounds, mercaptopurines, and anthra-
cyclines (8-13). Clinical studies support the role of MMR-
deficiency in drug resistance and its biological relevance
(14,15).

A recent study has shown that Akt overexpression fails to
activate the G2/M check-point in MMR-proficient tumor cells
and hence mimics the phenotype seen for MMR-deficient
tumor cells (16). Akt (also referred to as protein kinase B,
PKB) is activated by the binding of growth factors to receptor
tyrosine kinases and the activation of the phosphatidylinositol
3-kinase (PI3K). PI3K catalyzes the conversion of PIP2 lipids
into PIP3 lipids. PIP3 serves to anchor Akt to the plasma
membrane, where Akt is phosphorylated at threonine 308
and serine 473 of the membrane-bound protein and fully
activated by 3-phosphoinositide-dependent kinases (PDKs).
Akt, itself a serine/threonine kinase, is then re-distributed to
the cytoplasm and nucleus and phosphorylates a variety of
substrates (17-19). The main role attributed to Akt signaling
is to facilitate cell growth and proliferation (20,21) and to block
cell death (22,23). The Akt signaling pathway is up-regulated
in cancers, is critical for tumorigenesis and chemoresistance,
and is therefore a critical target for cancer intervention and
for overcoming drug resistance (24,25). Studies have shown
that down-regulation or target-specific inhibition of Akt
signaling increases sensitivity of tumor cells to irradiation
and to chemotherapeutic agents (26-33).

Akt might also be involved in responding to genotoxic
stress. ATM phosphorylates Akt at serine 473 following
irradiation (34), and ATM, CHK1/2, and BRCA1 have been
shown to be, either directly or indirectly, substrates to phos-
phorylation by Akt (20,21,35,36). BRCA1 and ATM have
been found to associate with MMR proteins in the BASC
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super-complex (37). However, the nature of putative common
targets for MMR proteins and Akt (16) is unclear as is the
issue whether Akt signaling contributes to drug resistance
in MMR-deficient cells. We hypothesized that the survival
property of Akt is repressed by functional MMR, whereas
this repression is absent in MMR-deficient cells, rendering
them drug resistant. We further hypothesized that inhibition
of Akt by LY294005 (27) re-introduces in MMR-deficient
cells the ability to repress Akt signaling, rendering them
chemosensitive. Our hypothesis was tested with the MMR-
dependent drugs Cisplatin, a widely used and effective agent
for the treatment of human malignancies, Lipoplatin, a recently
developed liposome-encapsulated Cisplatin formulation
showing high anticancer activity but low adverse side-effects
often seen for Cisplatin (38), and 6-thioguanine.

Our observations reveal the potential of LY294005 to
antagonize the efficacy of platinum drugs against HCT116
tumor cells. Although not conclusive, a possible property
of Akt may be suggested that aggravates the cytotoxic effect
of platinum compounds and that seems to be, at least for
cisplatinum drugs, modulated by the integrity of MMR
function.

Materials and methods

Cell lines. A matched pair of a MLH1-deficient human
colorectal adenocarcinoma subline (designated HCT116+ch2)
and its MLH1-proficient counterpart (designated HCT116+ch3)
was used. They are derived from the human colorectal adeno-
carcinoma cell line HCT116 containing a hemizygous mutation
in MLH1 resulting in a truncated, non-functional protein
(American Type Culture Collection; ATCC CCL 247). The
HCT116+ch3 subline is complemented with chromosome 3
carrying the wild-type gene for hMLH1 and is competent in
MMR function. The HCT116+ch2 subline, for reasons of
chromosome balance, is complemented with chromosome 2
and is MMR incompetent. Both sublines were maintained in
Iscove's modified Dulbecco's medium (Invitrogen, Basel,
Switzerland) supplemented with 10% heat-inactivated fetal
bovine serum (Oxoid, Basel, Switzerland) and geneticin
(400 μg/ml) (Invitrogen). It is generally acknowledged that
the chromosome complementation does not spoil the effects
of DNA mismatch repair on drug sensitivity, although the
extent of possible effects from the introduction of an extra
chromosome is not fully clear. The presence or absence of
MLH1 protein in the respective sublines is routinely checked
by immunoblotting as is the response of the two sublines to
the alkylating agent N-methyl-N'-nitro-N-nitrosoguanidine
(not shown) to which the MLH1-deficient HCT116+ch2 subline
is resistant (8). The growth rates of the two sublines, calculated
from the doubling times from one passage to the subsequent
and averaged for a period of two months, were comparable
(21.4±1.1 h for HCT116+ch3; 21.6±0.9 h for HCT116+ch2).
When seeded sparsely on tissue culture plates, the cell lines
form well-defined individual colonies. 

Drugs and chemicals. Cisplatin and 6-thioguanine were
purchased (Sigma, Buchs, Switzerland), and Oxaliplatin
(Sanofi-Synthelabo, Meyrin, Switzerland) was a generous
gift. Stock solutions were prepared in 0.9% NaCl and stored

at -20˚C. Lipoplatin and Lipoxal, the liposome-encapsulated
formulations of Cisplatin and Oxaliplatin, respectively, were
synthesized and provided by Regulon, Inc. (Mountain View,
CA, USA) and stored at 4˚C. Docetaxel (Aventis, Zurich,
Switzerland) was dissolved in ethanol and stored at -20˚C.
The compound 1L-6-hydroxymethyl-chiro-inositol 2-(R)-2-
O-methyl-3-O-octadecylcarbonate (hereafter referred to as
LY294005) was purchased from Juro Supply (Lucerne,
Switzerland). This compound is a recently developed 3-
(hydroxymethyl)-bearing phosphatidylinositol ether lipid
analogue that selectively inhibits PI3K/Akt activity and growth
of tumor cell lines (27). The PI3-kinase inhibitor LY294002
was purchased (Sigma).

Clonogenic assay. The sensitivity of the cells to treatments
was determined by the clonogenic assay. Sensitivity to single
drug treatment was compared with that of the combination of
the drug with LY294005 or LY294002. In a typical setting,
300 cells in medium were plated onto 35-mm cell culture
dishes, followed by the addition of the inhibitor after 24 h.
Where appropriate, the drugs were added at various con-
centrations 6 h later, followed by incubation for another 20 h
at 37˚C in a humidified atmosphere containing 5% carbon
dioxide. Then the medium was exchanged, followed by
incubation for another 6 days to allow colony formation. This
regimen, i.e. pre-treatment of the cells with the inhibitor prior
to drug exposure, was chosen in order to pre-condition the
cells before the drugs initiate damage response pathways. Cells
were then fixed with 25% acetic acid in ethanol and stained
with Giemsa. Colonies of at least 50 cells were scored visually.
Each experiment was performed a minimum of three times
using duplicate cultures for each drug concentration. The
relative colony formation (% clonogenic survival) was plotted
against the treatments.

Immunoblot analysis. Immunoblot analysis was performed to
determine treatment-induced alterations in the level of phos-
phorylated Akt at serine 473. Cells (500,000) grown to 80%
confluence in 60-mm tissue culture dishes were further
incubated without or with LY294005 (10 μM) or LY294002
(20 μM) for another 6 h. Where appropriate, Cisplatin,
Oxaliplatin, or Docetaxel was added to the cultures, followed
by further incubation of the cultures for 18 h. Some cultures
were also treated with 20 ng/ml insulin growth factor IGF.
Cells were collected, washed in PBS, and prepared for
immunoblot analysis following standard protocols. The lysis
buffer contained DTT (1 mM), the protease inhibitors aprotinin
(1 μg/ml), PMSF (1 mM), benzamidin (1 mM), and the
phosphatase inhibitors ß-glycerol-phosphate (20 mM),
Na3VO4 (1 mM), and NaF (25 mM). Protein (20 μg) was
separated using 10% SDS-PAGE, followed by blotting onto a
Protran nitrocellulose membrane (Schleicher and Schuell
BioScience Inc., Keene, NH). Proteins were complexed using
the anti-Akt total (Cell Signalling 9272, BioConcept, Allschwil,
Switzerland) and anti-phospho-Aktser473 (Cell Signalling 9271)
primary antibodies, and the respective horseradish peroxide-
conjugated secondary antibody (Cell Signalling 7074). ß-actin,
detected by monoclonal anti-ß-actin (A5441, Sigma) and
horseradish peroxidase-conjugated anti-mouse antibody
(M15345; Transduction Laboratories, Lexington, KY), served
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as the sample loading control. The complexes were visualized
by enhanced chemiluninescence (Amersham Pharmacia
Biotech, Buckinghamshire, UK) and autoradiography. 

Statistical analysis. The mean ± SD or the mean ± SEM were
calculated for all data sets (paired, two-tailed Student's t-test).
A p<0.05 was considered statistically significant.

Results

Effect of LY294005 on the efficacy of Docetaxel. The Akt
inhibitor LY294005 has recently been shown to prevent
phosphorylation of Akt by the 3-phosphoinositide-dependent
kinases and to selectively (IC50: 5 μM) block Akt activity
(27). Here we show that concentrations of LY294005 as
high as 50 μM reduced the clonogenic potential by no more
than 15% (Fig. 1A). We determined whether a LY294005
concentration of 10 μM, which by itself did not affect the
clonogenic potential of HCT116 cells, was high enough to
chemosensitize HCT116 tumor cells to Docetaxel, a micro-

tubule poison of the family of taxanes not known to interact
with DNA or to require MMR function for its cytotoxic effect.
The results show (Fig. 1B) that pre-treatment with 10 μM
LY294005 produced, irrespective of the MLH1 status of the
subline, a significant increase in the sensitivity (i.e. decrease
in clonogenic survival) to Docetaxel, ranging from 1.7-fold
(0.4 nM) to 3.3-fold (0.6 nM). A concentration of 10 μM
LY294005 was thus sufficient to increase the efficacy of
Docetaxel against HCT116 cells and was used in all following
experiments.

MLH1-dependent antagonistic effect of LY294005 on the
efficacy of cisplatinum drugs. With regard to our hypothesis
and to our observation with Docetaxel, we determined
whether 10 μM LY294005 not only increased the efficacy of
cisplatinum drugs (Cisplatin and Lipoplatin) against HCT116
cells in general but also did so with a preference for the
MLH1-deficient HCT116+ch2 subline. With Cisplatin, we
found that for both sublines pre-treatment with LY294005
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Figure 1. The sensitivity of cells to LY294005 itself and the effect of
LY294005 on sensitivity to Docetaxel (% of clonogenic survival). (A)
MLH1-proficient HCT116+ch3 (ƒ) and MLH1-deficient HCT116+ch2 (∫)
human colorectal adenocarcinoma cells were grown in the absence or
presence of various concentrations of LY294005 for 24 h. After medium
exchange, cells were grown for another 6 days and then colonies were
stained with Giemsa and counted. Data points are the mean of two
independent experiments performed in duplicate cultures. (B) MLH1-
proficient HCT116+ch3 (ƒ) and MLH1-deficient HCT116+ch2 (∫) cells
were grown in the absence or presence of LY294005 (10 μM) and without
or with various concentrations of Docetaxel. LY294005 was added 6 h prior
to the addition of Docetaxel. The medium was replaced 24 h post the
addition of Docetaxel, the cells were grown for another 6 days to allow
colony formation. Data points are the mean ± SEM of three independent
experiments performed in duplicate cultures. *p<0.05 compared to cultures
without LY294005.

Figure 2. Effect of LY294005 on the sensitivity (% clonogenic survival) of cells
to cisplatinum drugs. MLH1-proficient HCT116+ch3 (ƒ) and MLH1-deficient
HCT116+ch2 (∫) cells were grown in absence or presence of 10 μM
LY294005 (LY005) and without or with various concentrations of (A) Cisplatin
(Cis-PT) or (B) Lipoplatin (Lipo-PT). LY294005 was added 6 h prior to the
addition of the platinum drugs. After 24 h the drug-containing medium was
replaced by drug-free medium, and the cells were grown for another 6 days.
Colonies were stained with Giemsa and counted. Data points are the mean ±
SEM of at least three independent experiments performed in duplicate cultures.
The figures atop the brackets refer to the values for the fold decrease in
sensitivity (increase in % clonogenic survival) imposed by LY294005.
*p<0.05 compared to cultures without LY294005.
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resulted in a decrease rather than the expected increase in
the sensitivity of both sublines to this compound (Fig. 2A).
Notably, the extent of this decrease in sensitivity to Cisplatin
was higher for the MLH1-proficient subline than for the
MLH1-deficient subline: the LY294005-imposed decreases
in sensitivity (i.e. increases in the clonogenic potential) for
the MLH1-proficient subline were 1.5-fold (2.5 μM), 2.2-fold
(3.0 μM), and 2.6-fold (3.5 μM), and were all statistically
significant (p<0.05). For the MLH1-deficient subline, the
respective values were 1.1-, 1.2-, and 1.1-fold, and were not
statistically significant. This showed that this LY294005-
imposed effect occurred with a reproducible preference (1.4-,
1.8-, and 2.4-fold, respectively) for the MLH1-proficient
subline. Likewise, LY294005 also decreased the sensitivity
to Lipoplatin (Fig. 2B). These decreases were 1.6-fold (25 μM
Lipoplatin), 2.2-fold (30 μM), and 4.1-fold (40 μM) for the
MLH1-proficient subline, and were all statistically significant
(p<0.05). Those for the MLH1-deficient subline were 1.2-,
1.4- (statistically significant), and 1.7-fold, respectively. This
showed that the decreases occurred with a preference for the
MLH1-proficient subline (1.3-, 1.7-, and 2.4-fold, respectively).
Thus 10 μM LY294005 antagonized the efficacy of Cisplatin
and Lipoplatin against HCT116 cells with a reproducible pref-
erence for MLH1-proficient cells and therefore in an MLH1-
dependent manner.

MLH1-independent antagonistic effect of LY294005 on the
efficacy of oxaliplatinum drugs. Our observations for the
platinum compounds indicated that LY294005 may modulate
the platinum drug sensitivity of HCT116 cells in a MLH1-
dependent manner. As Oxaliplatin had previously been shown
to exert its cytotoxic effect independently of MMR (9), we
expected that, in this case, the effect of LY294005 on the
efficacy of Oxaliplatin would therefore be similar for both
sublines. Indeed, pre-treatment with 10 μM LY294005 resulted
in a statistically significant decrease in the sensitivity to
Oxaliplatin, the extent of which was comparable in both
sublines (Fig. 3A). The LY294005-imposed decreases were
1.6-fold for the MLH1-proficient subline and 1.5-fold for
the MLH1-deficient subline (3 μM Oxaliplatin, 1.1-fold
difference), 2.5- and 2.3-fold (4 μM, 1.1-fold), and 6.4- and
5.4-fold (5 μM, 1.2-fold), respectively, and were all statistically
significant (p<0.05). Similar observations also were made
with Lipoxal (Fig. 3B). With this compound the LY294005-
imposed decreases in the sensitivity of the sublines were
1.3-fold for the MLH1-proficient subline and 1.3-fold for the
MLH1-deficient subline (3 μM Lipoxal), 1.9- and 2.0-fold
(4 μM), and 2.7- and 2.8-fold (5 μM), respectively. Like with
Oxaliplatin, these LY294005-imposed decreases in sensitivity
to Lipoxal were all statistically significant and their extents
were nearly the same for both sublines. LY294005 (10 μM)
thus antagonized the efficacy of Oxaliplatin and Lipoxal against
HCT116 cells without a preference for either the one or the
other subline and therefore in an MLH1-independent manner.

Effect of LY294005 on the efficacy of 6-thioguanine. Our
observations with cisplatinum drugs raised the question as to
whether the MLH1-dependent modulating effect of LY294005
seen for these drugs was also seen with the antimetabolite
6-thioguanine, the cytotoxic effect of which is dependent on

the presence on MLH1 (10). The data showed that 10 μM
LY294005 did not affect the efficacy of 6-thioguanine
against both the MLH1-proficient and the MLH1-deficient
sublines (Fig. 3C). Thus LY294005, in an experimental setting
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Figure 3. Effect of LY294005 on the sensitivity (% clonogenic survival) of
cells to oxaliplatinum compounds and the antimetabolite 6-thioguanine.
MLH1-proficient HCT116+ch3 (ƒ) and MLH1-deficient HCT116+ch2 (∫)
cells were grown in the absence or presence of 10 μM LY294005 (LY005)
and without or with various concentrations of (A) Oxaliplatin (Oxali-PT),
(B) Lipoxal, or (C) 6-thioguanine (6-TG). LY294005 was added 6 h prior to
the addition of the platinum drugs. The drug-containing medium was
replaced by drug-free medium after 24 h post the platinum drug addition,
followed by growth of the cells for another 6 days, staining of the colonies
with Giemsa and colony counting. Data points are the mean ± SEM of at
least three independent experiments performed in duplicate cultures. The
figures atop the brackets refer to the values for the fold decrease in sensitivity
(increase in % clonogenic survival) imposed by LY294005. *p<0.05 compared
to cultures without LY294005.

1303-1310  3/10/06  17:26  Page 1306



analogous to that with cisplatinum drugs and Docetaxel, neither
decreased nor increased the efficacy of 6-thioguanine.

Antagonistic effect of LY294002 on the efficacy of Oxaliplatin
and Cisplatin. Our observations with LY294005 indicate that
LY294005 can not only decrease the efficacy of platinum
drugs but also modulate that of cisplatinum drugs in a manner
depending on the presence or absence of MLH1 protein.
We determined whether the observed antagonizing effect
of LY294005 on platinum drug sensitivity was unique for
the LY294005 Akt inhibitor or whether it was also seen
with LY294002, an inhibitor for the PI3-kinase. As with
LY294005, a decrease in the sensitivity to Oxaliplatin and
Cisplatin was also observed with 10 μM LY294002. With
Oxaliplatin (Fig. 4A), these LY294002-imposed decreases
were comparable in both sublines and therefore were not
affected by the MLH1 status of the cells. But they were
greater in the MLH1-proficient subline than in the MLH1-
deficient subline with Cisplatin (Fig. 4B): with 2.5 μM
Cisplatin, the LY294002-imposed increases were 2.0-fold
for the MLH1-proficient subline and 1.2-fold for the MLH1-

deficient subline (1.7-fold preference for the MLH1-proficient
subline), and with 3.5 μM Cisplatin these increases were 6.1-
and 2.0-fold, respectively (3.1-fold preference). The modulating
effect on platinum drug sensitivity observed with LY294005
was also seen with the PI3-kinase inhibitor LY294002 and
hence was not unique to the LY294005 Akt inhibitor.

Effect of LY294005 on Aktser473 phosphorylation. The sensitizing
effect of LY294005 to methylselenic acid has recently been
reported to be associated with the concomitant reduction in
the level of phospho-Aktser473 (26). We determined whether
the observed LY294005-imposed effects on drug sensitivity
were accompanied by changes in the phosphorylation status
of Akt. Immunoblot data (Fig. 5A) revealed that the basal
level of phospho-Aktser473 (upper band) was quite low in
both sublines, as compared to the respective levels for cells
stimulated with 20 ng/ml IGF. LY294005 by itself (10 μM)
did not affect phospho-Aktser473 in samples not treated with
drugs (none), and likewise, LY294005 (10 μM) did not abolish
Aktser473 phosphorylation in samples treated with either
Docetaxel (Doce, 0.6 nM), Oxaliplatin (Oxali, 5 μM), or
Cisplatin (Cis, 5 μM). This showed that the observed
synergistic effect of LY294005 on the efficacy of Docetaxel
was not paralleled by a reduction of phospho-Aktser473. This
also showed that the LY294005-imposed antagonizing effects
on the efficacy of platinum drugs were not accompanied
by changes in the level of phospho-Aktser473. These results
suggested that LY294005 (10 μM) was unable to abrogate
Aktser473 phosphorylation. This was supported by the
observations with LY294005 in IGF-stimulated samples
(Fig. 5B), where even 25 μM LY294005 did not abrogate IGF-
induced Akt phosphorylation in both sublines. The results also
indicated that 10 μM LY294005 differentially, i.e. depending
on the drug type, affected drug sensitivity without the con-
comitant abrogation of Aktser473 phosphorylation. For closer
examination and for comparison of the effects of LY294005
with those of LY294002, we determined the phospho-Aktser473

status at various time-points after treatment without or with
either LY294005 or LY294002 in samples treated or not with
Cisplatin or Docetaxel. With Cisplatin and with both sublines
(Fig. 5C), phospho-Aktser473 (upper band) was found in
untreated control samples (lane A), in samples treated with
only Cisplatin (lane F), and in those pre-treated with LY294005
without Cisplatin (lanes B and C) and with Cispaltin (lanes D
and E), but not in samples pre-treated with LY294002 without
(lanes G and H) and with Cisplatin (lanes I and K). Analogous
observations were made with Docetaxel (Fig. 5D). Pre-
treatment with LY294005 did not affect the level of phospho-
Aktser473 (lanes B-D), whereas pre-treatment with LY294002
produced a complete reduction in the levels of phospho-Aktser473

in both sublines (lanes F-H).
Thus 10 μM LY294005, unlike 20 μM LY294002, did not

abrogate phosphorylation of Aktser473, but nevertheless produced
an increase in the efficacy of Docetaxel and a decrease in the
efficacy of platinum drugs against HCT116 cells.

Discussion

Previous studies have shown the radio- and chemosensitizing
effect of the target-specific down-regulation of the Akt
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Figure 4. Effect of LY294002 on the sensitivity (% clonogenic survival) of
cells to Oxaliplatin (A) and Cisplatin (B). MLH1-proficient HCT116+ch3
(ƒ) and MLH1-deficient HCT116+ch2 (∫) cells were grown in the absence
or presence of 10 μM LY294002 (LY002) and without or with various
concentrations of Oxaliplatin (Oxali-PT) or Cisplatin (Cis-PT). LY294002
was added 6 h prior to the addition of the platinum drugs. After 24 h the
drug-containing medium was replaced by drug-free medium and the cells
were grown for another 6 days. Colonies were stained with Giemsa and
counted. Data points are the mean values from two independent experiments
performed in duplicate cultures. The figures atop the brackets refer to the
values for the fold decrease in sensitivity (increase in % clonogenic survival)
imposed by LY294002.
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signaling pathway. Here we investigated whether selective
inhibition of Akt by the compound LY294005 specifically
reverses the Cisplatin resistance phenotype of tumor cells with
MMR dysfunction. We show that i) LY294005 decreased the
efficacy of platinum drugs against HCT116 tumor cells under
experimental conditions it increased - as expected from the
literature - that of Docetaxel, that ii) the extent of these
LY294005-imposed decreases was reproducibly greater for
the MLH1-proficient subline with Cisplatin and Lipoplatin
and hence occurred with a preference for this subline, and that
iii) neither the increases (Docetaxel) nor decreases (platinum
drugs) in drug efficacy imposed by LY294005 were associated
with concomitant alterations in the level of phosphorylated
Aktser473. Although not conclusive, these observations suggest a
possible relationship between MMR-mediated DNA damage
signaling and the Akt pathway and a possible novel property
of Akt which, at least for platinum drugs and under certain
circumstances, may aggravate rather than counteract cytotoxic

cellular responses. They also suggest the potential of LY294005
to modulate drug sensitivity without affecting phosphorylation
of Aktser473.

Recent studies have shown that the PI3-kinase inhibitor
LY294002 increased radio- and chemosensitivity with the
concomitant reduction of phospho-Akt (26,30). Likewise,
Akt inhibition by LY294005 was insufficient to induce
apoptosis by itself, but induced apoptosis in combination with
a cytotoxic agent or radiation (27,29,32). Chemosensitizing
effects have also been reported for Akt-specific inhibitors
such as A-443654 (32) and inositol pentakisphosphate (31).
Our observations with LY294005 and Docetaxel are compatible
with these studies.

With regard to these studies and to our observation that
LY294005 sensitized HCT116 tumor cells to Docetaxel,
we had hypothesized that LY294005 not only increases the
efficacy of platinum compounds against HCT116 colorectal
adenocarcinoma cells but also increases the cytotoxic effect of
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Figure 5. Effect of LY294005 or LY294002 on the level of phospho-Aktser473 as a function of the treatments. (A) Cells were incubated without (-) or with (+)
10 μM LY294005 in the absence (none) or presence of 0.6 nM Docetaxel (Doce), 5 μM Oxaliplatin (Oxali), 5 μM Cisplatin (Cis), or 20 ng/ml IGF. Levels of
phospho-Aktser473, total Akt, and ß-actin (sample loading control) are shown. (B) Cells were pre-treated without (-) or with 25 μM LY294005 30 min prior to
treatment without (-) or with 20 ng/ml IGF (+), and were analyzed for phospho-Aktser473, total Akt, and ß-actin 1.5 or 6.5 h after IGF-treatment. (C and D)
Cells were not pretreated (-) or were pretreated with either 10 μM LY294005 (05) or 20 μM LY294002 (02) in the absence (-) or presence (+) of 5 μM
Cisplatin or 0.6 nM Docetacel and analyzed as a function of time post the addition of LY294005 or LY294002. Levels of phospho-Aktser473 and total Akt are
shown as a function of the treatments.
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Cisplatin preferentially in (Cisplatin-resistant) MMR-deficient
cells. Our hypothesis was based on the assumptions that i)
MMR-responsive signaling represses the survival properties
of Akt, thereby contributing to drug sensitivity in MMR-
proficient cells, and that ii) this repressing effect is abolished
in the absence of MMR, giving rise to the drug resistance
phenotype in MMR-deficient cells. We anticipated that the
Akt inhibitor LY294005 overcomes the lack of this repressing
effect of MMR on Akt signaling, with the net result that
MMR-deficient cells should be rendered sensitive to Cisplatin.

However, our observations made with platinum compounds
in general and with the cisplatinum compounds Cisplatin and
Lipoplatin in particular were quite surprising and were not
compatible with our hypotheses. On the one hand, our results
indicate the potential of LY294005 to counteract platinum
drug-induced cytostatic responses in HCT116 tumor cells,
providing the cells with a growth advantage rather than
preventing their growth. Our findings seem incompatible
with the role for Akt as a positive regulator for cell growth
and survival, and they may point to a possible novel property
of Akt which, at least with platinum drugs and perhaps under
certain circumstances, promotes cell death and/or antagonizes
cytoprotective pathways. There are studies reporting Akt-
dependent induction of p21 and p53 after Cisplatin treatment,
leading to growth arrest (39,40). A possible explanation for
our results may be that abrogation of this effect by LY294005
abolishes the growth arrest and renders the cells resistant to
the cytotoxic effect of the platinum drugs.

On the other hand and perhaps more notable, our results
may point to the existence of a relationship between MMR-
mediated cisplatinum DNA damage signaling and the Akt
pathway. Such a relationship and the putative existence of
common targets for MMR proteins and Akt have been
suggested previously (16). However, our observations are
incompatible with the initially hypothesized role for MMR in
repressing the survival properties of Akt. Instead, it may be
proposed that MMR-responsive signaling could antagonize
the putative cell death-promoting property of Akt signaling.
The molecular nature of the possible relationship and of the
putative novel property of Akt is not known. Our hypothesis
also predicted that Akt inhibition by LY294005 could
specifically re-sensitize MLH1-deficient cells to cisplatinum
drugs. This was, however, not the case. Noteworthy enough,
our findings may not be unique to the LY294005 Akt inhibitor,
because we made similar observations also with the PI3-kinase
inhibitor LY294002. It seems that the observed effects of
LY294005 and LY294002 are not limited to HCT116 tumor
cells, since both inhibitors decreased the efficacy of Cisplatin
also in HeLa cells (not shown). Our observations, however,
were different from those in other studies reporting a Cisplatin
sensitizing effect of LY294002 (28,30). As LY294005
increased the efficacy of the microtubule poison Docetaxel
and did not affect that of the antimetabolite 6-thioguanine
under experimental conditions it did with platinum drugs, it
remains to be seen whether the potential of LY294005 and
LY294002 to antagonize the efficacy of platinum com-
pounds is restricted to this class of DNA cross-linking agents
and hence may be DNA damage type-dependent, or whether
it might also be observed with other classes of DNA modifying
agents.

The observed lack of the abrogation of phospho-Aktser473

level by LY294005 with IGF and of the association of the
LY294005-imposed changes in drug sensitivity (increase for
Docetaxel and decrease for platinum drugs) with alterations in
the level of phospho-Aktser473 may raise new issues regarding
the function for LY294005 in this context. It is possible that
LY294005 could affect targets other than Akt. It is also
possible that Akt inhibition may not necessarily depend on the
phosphorylation status of Akt, which seems to be compatible
with a previous study reporting that Akt inhibition by A-443654
was associated with increased rather than decreased phospho-
Akt, suggesting that the phospho-Akt level may not be a
sufficient marker for Akt inhibition (33). Other studies
have shown that Akt inhibition by LY294005 (31) and by
PI3-kinase inhibitors such as LY294002 (26,28,30) was
associated with abrogation of Akt phosphorylation. In our
study, the PI3-kinase inhibitor LY294002 completely abolished
phosphorylation of Aktser473, which was not the case with
Akt inhibitor LY294005. It is unclear why both LY294005
and LY294002 similarly affected the efficacy of Cisplatin
(decrease) and Docetaxel (increase), although their respective
impact on abrogation of Aktser473 was different, i.e. absent for
LY294005 and present for LY294002.

Although not conclusive, our observations may point to a
possible property of Akt, at least for platinum drugs and
under certain circumstances, in aggravating the cytotoxic
effect of these drugs, and to the existence of a functional
relationship between MMR-mediated DNA damage response
and the Akt signaling pathway. More detailed studies will be
required to understand how LY294005 interferes with Akt
signaling, why LY294005 affects the efficacy of taxanes
differently from that of platinum drugs, and what the role for
MMR might be in this context.
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