








of 20 Amol/L of the PI3K inhibitor Ly294002 together with
A-443654 eliminates the Akt inhibitor induced increase in
Akt phosphorylation (data not shown), suggesting in-
creased phosphatidylinositol 3,4,5-triphosphate is required
for the A-443654 induced increase in Akt phosphorylation.

To investigate the effects of Akt inhibition on cell
proliferation, we did an 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide assay. The Akt inhibitors
slowed proliferation of tumor cells with an EC50 of 0.1
Amol/L for A-443654 and 0.4 Amol/L for A-674563 (Fig. 3C).

In vivo AntitumorActivity
We tested both A-443654 and A-674563 for their ability to

inhibit tumor growth in vivo (Fig. 4). A-443654 is more
potent and more selective than A-674563 but is not
available orally. Furthermore, the length of time A-443654

can be given is limited to 14 days due to severe injection
site irritation. Nevertheless, in spite of the differences
between these compounds, both compounds behave
similarly in vivo.

The effect of the inhibitors was examined in several Akt-
dependent models. We tested a genetically engineered
model, where 3T3 murine fibroblasts stably express a
constitutively active form of Akt1. In contrast to the
parental 3T3 cell line, the 3T3-Akt1 cells have a dramat-
ically increased ability to form colonies in soft agar as well
as tumors in immunocompromised mice, suggesting the
active Akt1 is responsible for the transformed phenotype
(23). In this model, A-443654 inhibited the growth of the
tumors (Fig. 4A); whereas the 2-methyl analogue of A-
443654, which is 5,000-fold less active versus Akt1,
showed no effect in this model. We also tested the
compounds in a MiaPaCa-2 human pancreatic cell
xenograft model, where we compared the efficacy with
gemcitabine. MiaPaCa-2 is a human pancreatic carcinoma
line with constitutively active Akt (43). Here again, the
Akt inhibitor significantly slowed the growth of the
tumors (Fig. 4B). A-443654 also showed antitumor activity
in two rat orthotopic syngeneic models of tumor growth, a
MatLyLu prostate carcinoma and a 9L glioblastoma (data
not shown).

In all models tested, the tumors rapidly regrew after
compound administration was stopped. The cytostatic
behavior of the inhibitors suggests that continuous dosing
may lead to increased efficacy. The number of consecutive
days the orally available compounds could be dosed,
unlike the parenteral compounds, was not limited by
injection site toxicity. Nevertheless, the oral compounds
could only be given for 15 to 25 days, after which time
the animals became moribund. In all cases, the com-
pounds were given at their respective maximally tolerated
doses.

Activation of the Akt pathway is thought to inhibit
apoptosis induced by a variety of cytotoxic agents and has
been reported to be an effective survival mechanism in
many tumor cells (44–47). Therefore, we attempted to
combine the Akt inhibitors with the antimitotic agent
paclitaxel in a PC-3 xenograft model (48, 49). PC-3 is a

Table 1. Selectivity of Akt inhibitors for selected kinases

Family Kinase A-443654 fold
(K i, Amol/L)

A-674563 fold
(K i, Amol/L)

AGC Akt1 1 (0.00016) 1 (0.011)
PKA 40 (0.0063) 1.4 (0.016)
PKCg 150 (0.024) 110 (1.2)
PKCy 200 (0.033) 32 (0.36)
PDK1 >120,000 (>20) >1,800 (>20)

TK KDR 19,000 (3.1) >330 (>3.7)
cKIT 7,300 (1.2) >530 (>5.8)
SRC 16,000 (2.6) 1,200 (13)
Flt1 22,000 (3.6) >200 (>2.2)

CMGC CDK2 150 (0.024) 4.2 (0.046)
ERK2 2,100 (0.34) 24 (0.26)

GSK3h 260 (0.041) 10 (0.11)
CK2 15,000 (2.4) 490 (5.4)

CAMK Chk1 15,000 (2.3) 235 (2.6)
RSK2 68 (0.011) 53 (0.58)

MAPK-AP2 21,000 (3.3) 100 (1.1)

NOTE: The fold selectivity versus Akt1 is shown for each kinase and the K i

is in parentheses.
Abbreviations: PDK1, phosphatidylinositide-dependent kinase 1; MAPK,
mitogen-activated protein kinase; GSK3, glycogen synthase kinase 3; ERK2,
extracellular signal – regulated kinase 2.

Figure 2. A-443654 inhibits Akt1, Akt2,
or Akt3 equally within cells. Murine
FL5.12 cells were stably transfected with
constitutively active myristoylated human
Akt1 (.), Akt2 (E), or Akt3 (n). There is
no appreciable phosphorylation of GSK3 in
the parental cell lines, whereas there are
high levels of phospho-GSK3 (P-GSK3 )
observed in all three Akt overexpressing
lines. A-443654 reduces the P-GSK3 in a
dose-responsive manner in all three cell
lines. The broad-spectrum kinase inhibitor
staurosporine was added at 1 Amol/L as a
positive control. The P-GSK3 was quanti-
tated and normalized to the total GSK3.
Plot of the resulting inhibition for each
overexpressing cell line (right ).
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PTEN-deficient human prostate carcinoma cell line, where
resistance to chemotherapeutic agents is at least partially
dependent on Akt activity (50). When given in combina-
tion, A-674563 increased the efficacy of paclitaxel in a PC-3
xenograft model (Fig. 4C).

We tested the pharmacokinetics and pharmacodynamics
to insure that we were inhibiting Akt in vivo (Fig. 5).
When the inhibitors were given at their maximally
tolerated doses on a twice daily (bid) schedule, their
concentration in plasma remained above the cellular EC50

for f5 hours (Fig. 5A). Concentrations in tumors were
significantly higher than those in plasma, and drug
concentrations in tumor remained above the cellular
EC50 for the entire 12-hour dosing interval (Fig. 5B). In
the tumors, as we have seen in the cellular assays, the
inhibition of GSK3 and S6 phosphorylation are inhibited
in a dose responsive manner by the Akt inhibitors (Fig.
5C). As also seen in the cellular studies, the increase in Akt
phosphorylation seems the most sensitive marker for Akt
inhibition. This suggests that the cells, in vivo , are also
sensitive to Akt inhibition, and attempt to compensate for
the loss of the activity.

We also examined caspase-3 activation (a measure of
apoptosis) and Akt phosphorylation by immunohistochem-
istry. As expected, at 8 hours after a single dose of
A-443654, we observed an increase in apoptotic cells
(Fig. 5D), suggesting that at least part of the antitumor
activity of the Akt inhibitors is due to apoptosis induction.
Normal liver and colon tissues showed no increase in
apoptosis following treatment (data not shown). Corrobo-
rating the Western blot analysis, we also observed that the
phosphorylation of Akt increased when inhibitors are
given (Fig. 5E).

As seen in Fig. 5C, doses near the MTD do not
maximally inhibit Akt within tumors. Furthermore, drug
washout studies in cells suggested that compounds were
more effective at inducing apoptosis when maintained
above their cellular EC50 for at least 12 hours (data not
shown). As stated above, the plasma concentrations of
A-443654 fall below this EC50 after about 5 hours. In an
attempt to increase the efficacy of A-443654 by intensi-
fying the dosing regime, the compound was given thrice
in a single day, 3 hours apart, for a total of 50 mg/kg/d.
The animals could not tolerate 50 mg/kg/d every day;
thus, compound was given every fourth day. This
regime maintains the plasma concentrations of A-
443654 above its cellular EC50 for >12 hours. This thrice
daily (tid)/q4d schedule proved to be more efficacious
than the bid/daily schedule (Fig. 4D). Note that for the
tid schedule, dosing was started on established tumors

Figure 3. Akt inhibitors affect the phosphorylation and localization
of cellular Akt substrates. A, MiaPaCa-2 cells were treated for 2
h with various concentrations of Akt inhibitors A-443654 and A-
674563. Western blot analyses were done to assess the phosphor-
ylation of Akt, GSK3 a/h, TSC2, mTOR, and ribosomal protein S6.
B, HeLa cells transiently transfected with pFOXO3A-hrGFP were
treated with A-443654 for 6 h. Images of live cells taken by
fluorescence microscopy. Transcription factor FOXO3A is retained in
the cytoplasm when phosphorylated by Akt. DMSO vehicle and 20
mmol/L LY 294002 (an inhibitor of PI3K) were used as negative
and positive controls, respectively. C, MiaPaCa-2 cells were treated
with A-443654 or A-674563 for 48 h. Alamar blue cell viability
assays were done to measure the cell growth inhibition. Points,
average of three determinations; bars, SD.
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whereas for the bid schedule dosing was started
immediately after tumor cell inoculation. Similar to what
was observed with the bid/daily schedule, when treated
on the tid/q4d schedule, the tumors regrew soon after
dosing was stopped.

Akt inhibition was compared with inhibition further
downstream in the PI3K pathway at mTOR, using
rapamycin (Fig. 4D). When dosed, both the Akt
inhibitors and rapamycin are efficacious in the Mia-
PaCa-2 model. However, rapamycin is significantly less
toxic and has a much larger therapeutic window than
the Akt inhibitors. Furthermore, rapamycin therapy can
be maintained longer, leading to more durable
responses. The function of mTOR in tumor progression
does not seem completely epistatic to that of Akt, as the
efficacy observed for the combination of the Akt and
mTOR inhibitors was better than that observed for either
agent alone.

Metabolic Consequences of Akt Inhibition
Akt is downstream of the insulin receptor and

transduces the insulin response in vivo . We therefore
measured blood sugar and insulin responses related to
the inhibition of Akt. We examined random blood
sugars during multiple tumor studies and have never
observed any differences between the treated and
control groups. We also measured both blood sugar
and plasma insulin levels in glucose challenge tests.
Blood sugars were not changed upon administration of
Akt inhibitors, even when supertherapeutic doses were
given (data not shown). We did, however, observe
significant increases in plasma insulin following admin-
istration of a single dose of Akt inhibitors at therapeu-
tic doses (Fig. 5F). This data is consistent with a
homeostatic response, where the animals increase
insulin secretion to maintain blood glucose concentra-
tions. This is also what has been observed in Akt2

Figure 4. Akt inhibitors slow tumor growth in vivo. A, A-443654 inhibits tumor growth in the 3T3-Akt1 flank tumor model. The scid mice
bearing established 3T3-Akt1 tumors were treated s.c. bid for 14 d with vehicle (4), A-443654 at 7.5mg/kg/d (n), or the inactive analogue, 2-
methyl A-443654 at 7.5 mg/kg/d (5). Therapy was initiated 21 d after tumor inoculation when the mean tumor volume of each group was f245
mm3. A-443654 was statistically different from vehicle from day 26 onward (P < 0.02). B, A-443654 inhibits tumor growth in the MiaPaCa-2
xenograft tumor model. scid mice were inoculated with cells on day 0 and therapy was begun on day 1. A-443654 at 7.5 mg/kg/d (E) or vehicle (4)
was given s.c., bid for 14 d. Gemcitabine at 120 mg/kg/d (n) or vehicle (5) was given i.p., qd on days 3, 6, 9, and 12. A-443654 and gemcitabine both
significantly inhibited tumor growth (P < 0.03). C, A-674563/paclitaxel combination therapy in the PC-3 prostate cancer xenograft model. scid mice
bearing established PC-3 tumors were treated with A-674563 (4) p.o., bid at 40 mg/kg/d for 21 d; paclitaxel (E) i.p., qd at 15 mg/kg/d on days 20, 24,
and 28; the combination (n); or the combination vehicle (5). Therapy was initiated 20 d after tumor inoculation when the mean tumor volume for each
group was f270 mm3. Although A-674563 showed no significant monotherapy activity, the efficacy of the combination therapy was significantly
improved compared to paclitaxel monotherapy (P < 0.002). D, A-443654 and rapamycin efficacy in the MiaPaCa-2 pancreatic cancer xenograft model.
scid mice bearing established tumors were treated with A-443654 (n) s.c., tid at 50 mg/kg/d on days 16, 20, and 24; rapamycin (5) i.p., qd at 20 mg/
kg/d for 15 d; the combination of rapamycin plus A-443654 (y); s.c. vehicle (E); or combination vehicle (4). Therapy was initiated 16 d after tumor
inoculation when the mean tumor volume for each group was f255 mm3. Each monotherapy showed significant activity throughout the study (P <
0.01) and the combination was statistically better than either monotherapy from day 23 onward (P < 0.01).
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Figure 5. The effects of Akt inhibitors after in vivo administration. Plasma (A) and tumor (B) concentrations of A-443654 are plotted versus
the time after a final dose of A-443654 was given. Animals were treated at (.) 3.8, (n) 7.5, or (E) 15 mg/kg bid for 3 d before measurement.
C, 2 h after A-443654 administration, the phosphorylation of Akt (solid columns ), S6 Protein (open columns ), and GSK3 (cross-hatched
columns ) were measured via Western blotting (bottom ). Akt phosphorylation increases in response to the Akt inhibitor. In spite of this increase
in P-Akt, phosphorylation of targets downstream from Akt is inhibited in a dose-responsive manner. D, A-443654 induces apoptosis in 3T3-
Akt1 flank tumors. The scid mice bearing established 3T3-Akt1 tumors were given a single s.c. dose of A-443654 at 50 mg/kg or vehicle.
Tumors were removed 8 h after treatment and apoptosis was examined by immunohistochemical staining with an antibody specific for the
activated form of caspase-3. E, A-443654 treatment leads to increased levels of phosphorylated Akt1 in MiaPaCa-2 tumors. The scid mice
bearing established MiaPaCa-2 flank tumors were given a single s.c. 30 mg/kg dose of A-443654. One hour after treatment, tumors were
removed and the level of phospho-Akt was examined by immunohistochemical staining. F, A-674563 and A-443654 increase plasma insulin in
an oral glucose tolerance test. Fasted animals administered vehicle (n), 20 mg/kg A-674563 (.), 100 mg/kg A-674563 (o), or 20 mg/kg A-
443654 (E) 30 min before the 1 g/kg glucose challenge (time 0). Insulin levels were elevated in all A-674563- and A-443654-treated animals.
Similar increases in insulin responses were seen in the sham-challenged (no glucose challenge) animals after treating with Akt inhibitors (data not
shown).
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knockout animals (51, 52). When young, these animals
have normal blood sugars but increased plasma insulin.
Only when older, after islet cell failure, do the animals
lose their ability to maintain normal blood glucose
concentrations.

While determining the maximum tolerated dose, we
found that the Akt inhibitors induce a dose- and time-
dependent weight loss in treated animals. This weight loss
is typically >10% of total body mass when compounds are
given at thrice their maximum tolerated dose (data not
shown). Whereas weight loss is a general toxicity, it is
consistent with the expectation that the compounds may
interfere with the utilization of glucose by interfering with
the insulin pathway.

Discussion
We have shown that inhibitors of Akt, when dosed to
levels that inhibit Akt in vivo , can slow the tumor growth
in laboratory models of cancer. Several compounds have
been tested and have shown efficacy in a number of
tumor models. In all of these models, the dosing period is
limited due to toxicity of the therapy. In addition, in all
models, the tumors regrew rapidly when dosing is
stopped. The Akt inhibitors show efficacy in the same
models where activity is observed with rapamycin.
However, the Akt inhibitors have a narrower therapeutic
window than does rapamycin.

The dose-limiting toxicities for the oral compounds,
malaise and weight loss, are consistent with a mechanism-
based toxicity, where the inhibitors interfere with the
metabolism of glucose (the limiting toxicity for parenteral
compounds is an injection site irritation). However, weight
loss is a general toxicity seen with many anticancer agents
that do not inhibit Akt. Also consistent with mechanism-
based toxicity is the observation that compounds with
substantially different selectivity profiles, but similar Akt
inhibitory activity, elicit the same types of toxicity. The
increase in plasma insulin attendant with Akt inhibition also
suggests metabolic toxicities may be dose limiting. Further
studies with more widely divergent Akt inhibitors will be
required to ascertain if Akt inhibition as cancer therapy will
be limited by mechanism-based metabolic toxicities.

Whereas the efficacy observed in the tumor models is
promising, it is clear that inhibition of Akt as a therapy for
cancer would benefit from a widening of the therapeutic
window. A number of active investigations are under way
to further improve the therapeutic window. The inhibitors
described here are pan-Akt inhibitors, and in cells have
equal potency inhibiting Akt1, Akt2, or Akt3 within cells.
Akt2 loss seems to predominate in toxicity related to
insulin signaling (51, 52), whereas Akt1 has been reported
to be more important in cancer cell survival. Thus,
generation of inhibitors more selective for Akt1 over Akt2
might improve therapeutic window. Furthermore, it is clear
from the paclitaxel study that Akt inhibitors may collabo-
rate with chemotherapeutics that induce apoptosis. Akt has
recently been shown to collaborate with Bcl2/BclXL in

several cell lines to inhibit apoptosis in cancer cells (50).
Thus, using these Akt inhibitors with other agents may
produce the desired improvement in therapeutic window
by improving efficacy without increasing toxicity.

Finally, the Akt inhibitors, along with rapamycin, illus-
trate that different nodes in the PI3K signal transduction
pathway can be inhibited to slow tumor progression. The
efficacy of the Akt and mTOR inhibitors suggests that, as
monotherapy, other inhibitors of the PI3K pathway will also
be efficacious. However, the differences in toxicity suggest
that inhibiting at different nodes in the PI3K pathway might
yield very different therapeutic windows. There are a
number of potential targets in this pathway, including
PI3K, phosphatidylinositide-dependent kinase 1, ILK, Akt1,
Akt2, Akt3, mTOR, p70S6K, and 4E-BP1, all of which are
under investigation for utility in human cancer therapy. The
results of these investigations will ultimately determine
where to target the PI3K pathway to provide the best
efficacy and therapeutic window for the treatment of cancer.
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