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This study was to evaluate the enhancement value of chloroquine (CQ) in cancer cell killing when
used in combination with Akt inhibitors. The results showed that the combination of CQ and Akt
inhibitors is much more effective than either one alone. Importantly, the CQ-mediated chemosensiti-
zation of cell killing effects by Akt inhibitors is cancer specific. In particular, when combined with
10 lM CQ, 1,3-dihydro-1-(1-((4-(6-phenyl-1H-imidazo[4,5-g]quinoxalin-7-yl)phenyl)methyl)-4-pipe-
ridinyl)-2H-benzimidazol-2-one (an Akt1 and 2 inhibitor; compound 8) killed cancer cells 10–120
times more effectively than normal cells. Thus, CQ is a very effective and cancer-specific chemosen-
sitizer when used in combination with Akt inhibitors.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Although overall survival rate of breast cancer patients has sub-
stantially increased during the last decades, this is mainly due to
early tumor detection. Unfortunately, the recovery rate of ad-
vanced breast cancer by currently available treatment modalities
is still unacceptably low. One of the promising modalities is to ap-
ply combinations of two or more different chemotherapeutic
agents that can induce synergistic tumor cell killing.1 Although
such combinational therapies have shown to improve overall pa-
tient survival, they are often associated with treatment-related
toxicity and the potential for developing cross-resistance to the
drugs used.2,3 Therefore, it is important to develop combined
modalities that effectively kill tumor cells with minimal side-ef-
fects on normal cells.

The PI3K (phosphatidylinositol-3-kinase)–Akt pathway is in-
volved in the regulation of multiple cellular processes including
cell survival, proliferation, growth, angiogenesis, migration, and
transformation.4 Numerous reports have shown that constitutive
activation of the PI3K–Akt signal pathway is closely correlated
with tumor development, aggressive progression, increased metas-
tasis, and resistance to cancer therapies.5–13 In contrast, the PI3K–
Akt pathway is tightly regulated to limit its activity in normal
cells.14 This difference in PI3K–Akt activities in normal and cancer
ll rights reserved.

; fax: +1 705 5237326.
cells can provide a way to effectively and specifically control can-
cer cells with a minimum cytotoxic effect on normal cells.

Inhibition of Akt alone or in combination with other tumor ther-
apeutic agents resulted in the increase of programmed cell death,
leading to radiosensitization, decreased tumor growth, anti-angio-
genic and -tumorigenic, and decrease in tumor resistance to che-
motherapy.15–20 Unfortunately, inhibition of the PI3K pathway
can cause undesirable side-effects.21,22 Blocking downstream play-
ers in the PI3K–Akt pathway at low doses is likely less toxic,
although the efficacy of such specific and narrow ranged inhibitors
at low doses may be lower than upstream inhibitors at high doses.
We hypothesized that the use of low doses of Akt inhibitors could
be effective and safe if used in combination with appropriate
chemosensitizers.

Chloroquine diphosphate (CQ) is a well-known anti-malarial
drug possessing a 4-aminoquinoline scaffold. CQ is currently at
clinical trials as an investigational anti-retroviral agent in humans
with HIV-1/AIDS, who often develop tumors.23–26 Recently, CQ has
also been added to a conventional therapy protocol (i.e., sur-
gery + radiotherapy + chemotherapy) for HIV-1 seronegative glio-
blastoma patients, which showed significant enhancement.27

CQ is uncharged at neutral pH and can freely diffuse across cell
and organelle membranes. Once inside an acidic vesicle, however,
CQ becomes protonated and can no longer easily diffuse out of the
vesicle.28 As a result, CQ molecules are trapped and accumulated in
the cytoplasmic acidic vesicles such as lysosomes,29 which may be
relevant to the increase in lysosomal volumes and subsequent

mailto:hlee@hrsrh.on.ca
http://www.sciencedirect.com/science/journal/09680896
http://www.elsevier.com/locate/bmc


C. Hu et al. / Bioorg. Med. Chem. 16 (2008) 7888–7893 7889
enlargement of the plasma membrane surface.30,31 The increase in
the lysosomal volume is a common event in apoptotic or necrotic
cell death in response to diverse stimuli, including staurosporine
and etoposide.32 Furthermore, an increase in the lysosomal volume
by either intrinsic or extrinsic factors can often change the mode of
cell death from apoptosis to necrosis.33 Elevation of the lysosomal
pH may also influence endocytosis, exocytosis, and phagocyto-
sis.34–36

CQ and its analogs may promote apoptosis in T-cells and C6 gli-
oma cells. A recent report revealed that phosphatidylcholine-spe-
cific phospholipase C (PC-PLC) was involved in the death of L929
cells induced by TNF-a.37 Furthermore, we have recently demon-
strated that CQ substantially increases the cytotoxic effects on
the metastatic MDA-MB231 breast cancer cell line when used in
combination with radiation.38

The main objectives of this research are to examine (a) whether
inhibiting the PI3K–Akt pathway with a pathway-specific blocker
can specifically kill tumor cells and (b) whether CQ can effectively
sensitize the cell killing effects of the PI3K–Akt blockers. We here
report that PI3K–Akt inhibitors generally kill cancer cells more
effectively than normal cells. Furthermore, CQ greatly sensitizes
the cell killing effects of several Akt inhibitors in a cancer-specific
manner.
2. Results

2.1. Cells and PI3K–Akt inhibitors

The cytotoxic effects of 11 PI3K–Akt inhibitors (Fig. 1) were
examined for their cell killing effects in the absence or presence
of CQ using MDA-MB468, MDA-MB231, and MCF-7 cancer cell
lines. The PI3K–Akt inhibitors that were used in our experiments
may be classified into five groups based on their different modes
of action (Calbiochem/Merck KGaA, Darmstadt, Germany) (Fig. 1).
The Group I is phosphatidylinositol analogs (compounds 1, 2, and
3), which compete with phosphatidylinositol 4,5-bisphosphate
(PIP2) and, thereby, preventing the generation of phosphatidylino-
sitol 3,4,5-triphosphate (PIP3). The compounds in this group also
compete with PIP3 binding to Akt. The compounds 2 and 3 are met-
abolically more stable.39,40 The exact molecular targets for the
Group II inhibitors (compounds 4, 5, 9, and 10) are not well under-
stood, although some of them apparently function downstream of
PI3K or phosphoinositide-dependent kinases (PDKs).41–44 The
Group III includes two oligo peptides containing a TCL1-derived se-
quence (inhibitors 6 and 7), which binds to the Akt PH domain and,
thus, interfere the Akt–phosphoinositide interaction. These three
groups interfere with the cellular activation of Akt; however, most
of them do not affect Akt activities if already activated.45,46 The
Group IV inhibitors (compounds 8, 9, and 10) are dependent upon
a PH domain and, thus, are not functional in Akt lacking a PH do-
main or the closely related AGC (cAMP-dependent, cGMP-depen-
dent, and protein kinase C) family kinases.43,44,47 Importantly, the
Group IV inhibitors can inhibit both the activation of Akt and its ki-
nase activity. The compound 11 (LY294002) is cell permeable, po-
tent, and specific (at low concentration) PI3K inhibitor that acts on
the ATP-binding site of the enzyme. It also inhibits non-homolo-
gous end-joining repair through the inhibition of DNA-PK catalytic
subunit.48

2.2. PI3K and Akt blockers efficiently inhibit cancer cell
proliferation

As shown in Table 1, five of the eleven Akt inhibitors exhibited
GI50 in the range of 1.12–8.68 lM on MDA-MB468 breast cancer
cells (inhibitors 1, 4, 8, 9, and 10). Four inhibitors showed GI50
ranging from 10.40 to 28.43 lM (inhibitors 2, 6, 7, and 11), and
the rest above 20.80 lM (inhibitors 3 and 5) on the same cancer
cell line. It is noted that some of inhibitors showed substantially
different growth inhibition effects on different cancer cell lines.
The inhibitors 4, 7, 8, 9, 10, and 11 showed GI50 ranging from
0.81 to 8.34 lM on MDA-MB231. In contrast, inhibitors 1, 3, and
5 required 24.30 lM or high concentrations to achieve GI50 on
MDA-MB231, while the rest (inhibitors 2 and 6) showed GI50 at
16.77 and 17.80 lM, respectively. As for MCF7 breast cancer cell
line, the GI50 values of the inhibitors 4, 5, 8, 9, 10, and 11 were
0.23–6.10 lM, and the rest (1, 2, 3, 6, and 7) at >16.01 lM.

The compound 4 was the most effective on all three cancer cell
lines, as its GI50 was 0.23, 0.81, and 1.74 lM on the MCF7, MDA-
MB231, and MDA-MB468, respectively. The inhibitors 8, 9, 10,
and 11 were also quite efficient on all three cancer cell lines. Inter-
estingly, the compound 1 was very effective on MDA-MB468, in
which Akt is constitutively activated due to defect in PTEN, but
not on MDA-MB231 and MCF7 cell lines (Table 1).
2.3. Chloroquine substantially enhances cell killing effects of
PI3K and Akt inhibitors in a cancer-specific manner

The GI50 values of CQ were 28.58, 22.52, 38.44, and 76.13 lM on
MDA-MB468, MDA-MB231, MCF7, and 184B5 cells, respectively
(Fig. 2). This suggests that the cytotoxic effects of CQ on cells are
generally low regardless of the origins of cell lines. The cell killing
effect of CQ on 184B5, an immortalized ‘normal’ breast cell
line,49,50 was particularly low.

In spite of its inefficient cell killing, CQ could in most cases
greatly increase the cell killing effects by Akt inhibitors. As
shown in Table 1, 10 lM CQ increased the overall cell killing ef-
fects of Akt inhibitors by 32.2% (i.e., cell number decreased to
67.8% of the level shown by Akt inhibitor alone), 33%, and 25%
on MDA-MB468, MDA-MB231, and MCF7, respectively. When
the concentration of CQ increased to 20 lM, the sensitization ef-
fects increased by 65% (i.e., 100–35% = 65%), 66%, and 64% on
MDA-MB468, MDA-MB231, and MCF7, respectively (Table 1).
The enhancement rates of cell killing effects by CQ on some
Akt inhibitors were very substantial. For example, the combina-
tion of 10 lM CQ with the Akt inhibitors 4 and 8 on MDA-
MB468 resulted in the increase of cell killing by 64% and 58%,
respectively, compared to that by Akt inhibitors alone. Similar
enhancement effects by 10 lM CQ were also observed on
MCF7 when combined with Akt inhibitors 5 (by 75%) and 8
(by 55%) (Table 1). In contrast, enhancement of cell killing ef-
fects by CQ on non-cancer cells was low. For example, the aver-
age enhancement of cell killing effects by 10 and 20 lM CQ on
185B5 was 11% and 24%, respectively (Table 2).

To gain further insights into the potential of CQ as an anticancer
therapeutic agent, we assessed the CQ-mediated sensitization of
cell killing effects by Akt inhibitors on cancer and non-cancer cells
(Table 3). Most Akt inhibitors killed cancer cells more effectively
than non-cancer cells, even in the absence of CQ. For example,
Akt inhibitors 1, 3, 7, 8, 10, and 11 killed cancer cells 1.32–11.41
times more efficiently than 184B5 (Table 3). Importantly, the dif-
ferences in cell killing effects by Akt inhibitors on cancer and nor-
mal cells dramatically increased in the presence of CQ. For
example, in the presence of 20 lM CQ, the cell killing of the inhib-
itors 1, 3, 5, 7, 8, and 11 on cancer cells was 6.88–78.42 times more
effective than non-cancer cells. In average, the cell killing effects of
the 11 PI3K/Akt inhibitors on cancer versus normal cells increased
from 2.47-fold in the absence of CQ to 16.65-fold in the presence of
20 lM CQ (Table 3). Thus, the CQ-effect on differential enhance-
ment of cell killing by PI3K–Akt inhibitors between cancer and nor-
mal cells is at least 6.7-fold.
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3. Discussion and conclusion

We previously reported that CQ accumulated in the lysosomes,
by which the lysosomal membrane was destabilized. We also
found that ceramide was accumulated in the lysosomes of the cells
treated with both CQ and ionizing radiation, but not in the cells
treated with either one only.38 The high levels of ceramide in the
lysosomes by a combination of radiation and CQ further destabi-
lized the lysosomal membrane. Importantly, 10 lM CQ alone killed
only a fraction of cells, but effectively sensitized radiation-medi-
ated cell killing.38

Here, we report that CQ also effectively sensitizes the cell killing
effects of PI3K–Akt inhibitors, suggesting that CQ has the potential
to significantly enhance both radiation and chemotherapy. We
found that the average GI50 value of CQ on three cancer cell lines
(MDA-MB231, MDA-MB468, and MCF7) was 29.84 lM, and that
on the non-cancer 184B5 breast cell line was 76.13 lM (Fig. 2).
These data demonstrate that CQ does not effectively kill either can-
cer or non-cancer cells. In particular, the cytotoxic effects of CQ on
non-cancer cells are very low. However, CQ can greatly enhance
the cell killing effects by PI3K–Akt inhibitors. The average enhance-
ment of 20 lM CQ on cancer cell killing by PI3K–Akt inhibitors was
16.65-fold (Table 3). Together, our data suggest that CQ has the po-
tential of significantly enhancing both radiation and chemother-
apy, as it can increase cancer cell killing much more effectively
than non-cancer cells by Akt inhibitors.

We have demonstrated in this report that the Group IV Akt inhib-
itors (compounds 8–10) and LY294002 (PI3K inhibitor; compound
11) are generally more effective than other groups. This may be at
least in part due to the fact that this Akt subgroup can directly bind
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to either non-activated or activated Akt, thereby, inhibiting both the
activation of Akt and the kinase activity of Akt. Furthermore, this
group has distinct advantage in selectively killing cancer cells with
high level of Akt, since these compounds inhibit Akt in a PH-domain
dependent manner. The high efficacy of the compound 11 is ex-
pected since it is a broader inhibitor of the PI3K–Akt pathway than
the rest.

The cytotoxic effect of the compound 4 was the most pro-
nounced among the 11 inhibitors used in this study (Table 1).
However, this compound also very effectively killed non-cancer
cells (Table 2). Furthermore, the enhancement of cell killing by
the combination of compound 4 and CQ was not substantially dif-
ferent for cancer and non-cancer cells (Table 3). Therefore, com-
pound 4 may not be an ideal anticancer therapeutic agent.

Considering the overall efficacy on both cell killing and differen-
tial sensitization by CQ on cancer and normal cells, inhibitors 8 and
11 appear to be the best among the 11 PI3K–Akt inhibitors. The
compound 8 is particularly promising, as it can kill all three cancer
cells very effectively (GI50, 6.30 ± 0.04, 5.31 ± 0.05, and 0.92 ± 0.01
on MDA-MB468, MDA-MB231, and MCF7, respectively). Further-
more, when combined with CQ, the compound 8 can effectively kill
cancer but not normal cells. For instance, the GI50 values of the
compound 8 in combination with 10 lM CQ are 2.66, 4.55, 0.41,
and 50.58 lM, respectively, on MDA-MB468, MDA-MB231, MCF7,
and 184B5 (Tables 1 and 2). These data suggest that the compound
8 in combination of 10 lM CQ can kill cancer cells 11.11 (MDA-
MB231), 19.02 (MDA-MB468), and 123.36 (MCF7) times more
effectively than non-cancer cells.

The exact mechanism how CQ differentially and specifically sensi-
tizes cancer cell killing by PI3K–Akt inhibitors is presently unknown.
However, it should be noted that the PI3K–Akt signal pathway is ele-
vated in cancer cells, but not in normal cells. Therefore, it is possible
that the impediment of normal lysosomal function by CQ results in
further downregulation of the PI3K–Akt survival signal pathway.

Overall, our data raise the possibility that CQ can significantly
increase the therapeutic effects of PI3K–Akt inhibitors with a min-
imal side-effect on normal cells. The combination of the compound
8 with a low concentration of CQ appears to be a particularly prom-
ising anticancer modality.

4. Experimental

4.1. Cell lines

The human MDA-MB468, MDA-MB231, and MCF7 breast can-
cer cell lines were maintained in RPMI 1640 medium (Fisher Sci-
entific, Ottawa, Ont., Canada) supplemented with 10% fetal
bovine serum (Hyclone, Logan UT) and 2 mM L-glutamine. Cells
were grown at 37 �C with 5% CO2, 95% air under the humidified
conditions.

4.2. Reagents

CQ and LY294002 (2-(4-morpholinyl)-8-phenyl-4H-1-benzopy-
ran-4-one) were purchased from Sigma–Aldrich Canada Ltd (Oaka-
ville, Ont., Canada). Akt inhibitors (Fig. 1) were purchased from
Calbiochem (purchased through VWR CANLAB, Mississauga, Ont.,
Canada). CQ and Akt inhibitors were dissolved in <0.1% dimethyl
sulfoxide (DMSO) and diluted in culture medium (0.1–100 lM)
immediately before use. The final concentration of DMSO in sulfo-
rhodamine B (SRB)-based cytotoxicity assays did not exceed 0.1%.
To rule out that the DMSO concentration used does not affect cell
cytotoxicity measurement, culture medium containing equivalent
concentration of DMSO was used as a negative control in all experi-
ments. In all studies, the concentration of DMSO used did not affect
cell cytotoxicity.
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Figure 2. The cytotoxic effect of CQ is very low in non-cancer cells. (A) The
molecular structure of CQ. (B) GI50 of CQ on three breast cancer cell lines and one
non-cancer cell line (185B5) are shown in a diagram as well in a table format.

Table 2
The cytotoxic effects of the compounds 1–11 on the 185B5 non-cancer cell line in the
absence or presence of CQa

Inhibitorsb GI50(lM)c

184B5d

Ie I + CQf I + CQg

1 31.85 ± 1.06 (100%)h 28.03 ± 0.71 (88%) 24.31 ± 0.65 (76%)
2 13.76 ± 0.46 (100%) 10.35 ± 0.31 (75%) 8.98 ± 0.25 (65%)
3 45.25 ± 1.35 (100%) 39.37 ± 1.25 (87%) 30.93 ± 1.01 (68%)
4 0.87 ± 0.05 (100%) 0.72 ± 0.04 (83%) 0.77 ± 0.04 (89%)
5 40.00 ± 1.56 (100%) 34.00 ± 1.11 (85%) 16.96 ± 0.67 (42%)
6 12.22 ± 0.08 (100%) 9.54 ± 0.10 (78%) 7.93 ± 0.12 (65%)
7 13.00 ± 0.09 (100%) 11.42 ± 0.11 (88%) 8.32 ± 0.24 (64%)
8 60.60 ± 1.68 (100%) 50.58 ± 1.54 (83%) 25.76 ± 0.87 (43%)
9 0.36 ± 0.01 (100%) 0.47 ± 0.04 (130%) 0.52 ± 0.05 (144%)
10 10.38 ± 0.05 (100%) 10.63 ± 0.24 (102%) 10.94 ± 0.56 (105%)
11 39.37 ± 1.32 (100%) 32.37 ± 1.21 (82%) 29.37 ± 1.05 (75%)

Average 100% 89% 76%

a–hFor detail, see legend to Table 1.

Table 3
CQ differentially sensitizes cell killing effects of Akt inhibitors on normal and cancer
cells

Compoundb GI50 of 184B5/GI50 of MDA-MB231 (fold)a

No. of CQc Plus 20 lM CQd

1 1.32 (31.85/24.03) 78.42 (24.31/0.31)
2 0.82 (13.76/16.77) 0.96 (8.98/9.39)
3 1.76 (45.25/25.69) 49.10 (30.93/0.63)
4 1.07 (0.87/0.81) 1.35 (0.77/0.57)
5 0.78 (40.00/50.15) 24.58 (16.96/0.69)
6 0.69 (12.22/17.80) 0.97 (7.93/8.21)
7 2.17 (13.00/5.99) 6.88 (8.32/1.21)
8 11.41 (60.60/5.31) 8.73 (25.76/2.95)
9 0.06 (0.36/5.90) 0.26 (0.52/1.99)
10 1.24 (10.38/8.34) 3.01 (10.94/3.63)
11 5.87 (39.37/6.71) 8.85 (29.37/3.32)

Average 2.47 16.65

a The 50% growth inhibition values of each Akt inhibitor on normal and cancer
cells (Tables 1 and 2, respectively) were compared by dividing the GI50 value of
normal cells with that of MDA-MB231 cancer cells.

b For detail, see Figure 1.
c Differential cytotoxic effects of each Akt inhibitor on cancer and non-cancer

cells in the absence of CQ.
d The same as ‘c’ but in the presence of 20 lM CQ.

7892 C. Hu et al. / Bioorg. Med. Chem. 16 (2008) 7888–7893
4.3. SRB assay

Cytotoxic effects of CQ and Akt inhibitors were determined by
an SRB-based test.51 For a typical screening experiment, 5000–
10,000 cells were inoculated into 100 ll medium per well of a
96-well microtiter plate as described previously.52 Briefly, after
the inoculation, the microtiter plate was incubated at 37 �C, 5%
CO2, 95% air, and 100% relative humidity for 24 h prior to addition
of experimental drugs. Some of the sample wells were fixed with
25 ll of 50% trichloroacetic acid (TCA) as a control of the cell pop-
ulation for each cell line at the time of drug addition (Tz). Experi-
mental drugs (10 mM) solubilized in DMSO were stored frozen.
At the time of drug addition, an aliquot of the frozen stock was
thawed and diluted twice to the desired final maximum test-con-
centration with complete medium. Two- to 10-fold serial dilutions
were made to provide a total of seven drug concentrations. Follow-
ing addition of drugs, the culture plate was incubated for addi-
tional 48 h. Cells were fixed in situ by slowly adding 25 ll of
cold 50% (w/v) TCA (final concentration, 10% TCA), and were then
incubated for 60 min at 4 �C. The supernatant was discarded, and
the plate was washed five times with tap water, followed by air-
drying. Fifty microliters of SRB solution at 0.4% (w/v) in 1% acetic
acid were added to each well, and the plate was incubated for
10 min at room temperature. Unbound SRB was removed by wash-
ing the plate five times with tap water, followed by air-dry. The
cells ‘stained’ with SRB were solubilized with 10 mM trizma base,
and the absorbance was read on an automated plate reader at a
wavelength of 515–564 nm. Using nine-absorbance measurements
[time zero (Tz), control growth (C), and test growth in the presence
of drug at the seven concentration levels (Ti)], the growth rate (%)
was calculated at each of the drug concentrations.

The relative absorbance values (Ti � Tz)/(C � Tz) of each concen-
trations of experimental drug were generated for dose–response
analysis. The dose–response parameters were calculated for each
experimental agent. The 50% inhibitory concentration values for
the compounds were obtained from the dose–response curves
using non-linear dose–response curve fitting analyses with Graph-
Pad Prism V. 4.03 software. Values were calculated for each of
these parameters if the level of activity was reached. However, if
the effect was not reached or was exceeded, the value for that
parameter was expressed as greater or lesser than the maximum
or minimum concentration tested.51
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