








or #3) but I3C or derivative 4 had little effect (Fig. 1C). In
addition, we compared the effect of the 5 compounds on
anchorage-independent cell growth. HCT116 colon can-
cer cells were seeded with I3C or its derivatives in 0.3%
agar and incubated for 3 weeks. Data showed that only
the high dose of I3C (200 mmol/L) or I3C derivatives (#1,
#2, or #3), but not derivative 4, strongly suppressed
anchorage-independent cell growth (Fig. 1D). Interest-
ingly, I3C derivatives 2 or 3 had inhibitory effects on
growth similar to derivative 1. Therefore, these findings

suggested that methoxy and fluoro modification of 3CAI
was not important for inhibiting proliferation or anchor-
age-independent cell growth. On the basis of these
results, 3CAI seems to be the most effective anti–colon
cancer compound of the 4 derivatives tested and was used
in further studies.

3CAI is a potent inhibitor of AKT kinase activity
To identify the direct molecular target of 3CAI, we

screened 85 kinases against 3CAI in a high-throughput

A
a c

b d

B

Figure 3. Computer modeling of
3CAI andAKT1/2. A, bindingmodes
of 3CAI with PH domains of AKT1
and AKT2. A, a, binding mode of
3CAI with the AKT1 PH domain.
A, b, binding mode of 3CAI with the
AKT2 PH domain. In the full images
of AKT1/AKT2 and 3CAI (A,c and A,
d), 3CAI is represented as spheres
and the carbon atoms are colored
white. In the images of the binding
site, 3CAI is represented as sticks.
The carbon atoms are colored
yellow, and the carbon atoms of the
residues are colored white. In all
photographs, the oxygen atoms are
colored red; the nitrogen atoms are
colored blue; and the chlorine
atoms are colored green. B, docked
conformation of 3CAI compared
with Ins(1,3,4,5)P4 from 1UNQ. Left,
docked conformation of 3CAI with
theAKT1PHdomain. Right, docked
conformation of 3CAIwith the AKT2
PH domain. The binding sites are
represented as surfaces, and the
ligands are represented as sticks.
The carbon atoms of 3CAI are
colored yellow and the carbon
atoms of Ins(1,3,4,5)P4 are colored
cyan.
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substrate-competitiveassay (http://www.kinomescan.com/).
Results identified 3CAI as a potential inhibitor of AKT (Sup-
plementary Table S1). On the basis of these screening data,
we tested the effect of 3CAI on the kinase activities of AKT1,
MEK1, JNK1, ERK1, and TOPK by in vitro kinase assays. The
results showed that 3CAI (1 mmol/L) suppressed only AKT1
kinase activity and the other kinases tested were not affected
by 3CAI (Fig. 2A). We also studied the affect of 3CAI on
kinasesupstreamofAKT.PI3Kactivitywaspotently inhibited
by LY294002, a well-known inhibitor of PI3K, and 3CAI
inhibited PI3K by 60% at the highest concentration (10
mmol/L; Fig. 2B). These data suggest that 3CAI is a much
more potent AKT1 inhibitor than PI3K (60% inhibition at 1
vs. 10 mmol/L, respectively). In addition, we compared the
effect of I3C, 3CAI, and the AKT inhibitor VIII on AKT1 and
AKT2 activities. 3CAI, but not I3C, substantially suppressed
AKT1 activity (Fig. 2C) and AKT2 activity (Fig. 2D) in a dose-
dependent manner. These data showed that 3CAI is a potent
and specific AKT1 and AKT2 inhibitor.

3CAI directly binds with AKT1 or AKT2 in an ATP
noncompetitive manner
We next conducted a molecular docking study with 3CAI

and AKT1 and AKT2 to determine its binding orientation.

The docking score of 3CAI with AKT1 was �2.03 kcal/mol,
which was a little less favorable than the docking score of
3CAI with AKT2 (�2.25 kcal/mol). 3CAI forms a hydrogen
bond with Glu17 in the AKT1 PH domain, whereas 3CAI
forms 3 hydrogen bonds with Lys14, Leu52, and Arg86 in
the AKT2 PH domain (Fig. 3A). The structures of AKT1 or
AKT2 were aligned and superimposed to compare the
docked conformation of 3CAI. 3CAI adopts a configuration
parallel to Ins(1,3,4,5)P4 in AKT1, whereas 3CAI adopts a
configuration perpendicular to Ins(1,3,4,5)P4 in AKT2 (Fig.
3B). To confirm the results of the computer dockingmodel,
we conducted in vitro pull-down assays using 3CAI or I3C-
conjugated Sepharose 4B beads. These results showed that
3CAI directly bound to recombinant AKT1 (Fig. 4A) and
AKT2 (Fig. 4B) in an ATP noncompetitive manner. I3C
showed no binding. Similar results were obtained with an
HCT116 colon cancer cell lysate (Fig. 4C and D). These
results suggest that 3CAI binds to an AKT allosteric site and
not the ATP pocket.

3CAI inhibits downstream targets of AKT and induces
apoptosis

We investigated the effect of 3CAI on downstream
targets of AKT, including the phosphorylation of mTOR

Figure 4. 3CAI directly binds to
AKT1 or AKT2 in an ATP
noncompetitive manner. 3CAI
directly binds to AKT1 (A) or AKT2
(B) in an ATP noncompetitive
manner. Recombinant AKT1 (200
ng) was incubated with 3CAI- or
I3C-conjugated Sepharose 4B
beads or with Sepharose 4B beads
alone. The pulled down proteins
were analyzed by Western blotting.
3CAI directly binds to endogenous
AKT1 (C) and AKT2 (D). An HCT116
colon cancer cell lysate (500 mg)
was incubated with 3CAI- or I3C-
conjugated Sepharose 4B beads,
or with Sepharose 4B beads alone,
and then the pulled down proteins
were analyzed by Western blotting
(WB). Similar results were obtained
from 2 independent experiments.
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and GSK3b. Results indicated that the AKT-mediated
phosphorlyation site of mTOR(Ser2448) and GSK3b
(Ser9) was substantially decreased by 3CAI in a time-
dependent manner (Fig. 5A). However, phosphorylation
of AKT(Thr308) was not changed. Furthermore, the proa-
poptotic marker proteins p53 and p21 were also upregu-
lated by 3CAI after 12 or 24 hours of treatment. In
addition, the antiapoptotic marker protein Bcl-2 and
AKT-mediated phosphorylation of ASK1(Ser83) were sig-
nificantly decreased (Fig. 4B). These findings suggested
that pro- or antiapoptotic marker proteins are regulated
by 3CAI in colon cancer cells. Next, to determine whether
apoptosis was induced by 3CAI, we compared the effect
on cell death of this compound, I3C, and an AKT inhib-
itor. HCT116 and HT29 colon cancer cells were seeded on
6-cm dishes in 1% FBS/McCoy’s 5A (HCT116) with 3CAI,
I3C, or the AKT inhibitor and then incubated for 4 days.
Results showed that the number of apoptotic cells was
significantly increased by 3CAI in HCT116 and HT29
colon cancer cells compared with untreated control cells
(Fig. 5C).

3CAI inhibits growth of colon cancer cells in a
xenograft model

To examine the antitumor activity of 3CAI in vivo,
HCT116 cancer cells were injected into the right flank of
individual athymic nude mice. Mice were orally adminis-
tered 3CAI at 20 or 30mg/kg, I3C at 100mg/kg, or vehicle 5
times a week for 21 days. Treatment of mice with 30 mg/kg
of 3CAI significantly suppressed HCT116 tumor growth by
50% relative to the vehicle-treated group (Fig. 6A; P < 0.05).
Remarkably, mice seemed to tolerate treatment with these
doses of 3CAI without overt signs of toxicity or significant
loss of body weight compared with vehicle-treated group
(Fig. 6B). The effects of 3CAI on a tumor proliferation
marker were evaluated by immunohistochemistry andH&E
staining of HCT116 tumor tissues after the 21 days of
treatments. The expression of Ki-67wasmarkedly decreased
by treatment with 3CAI (Fig. 6C). Next, we examined the
effect of 3CAI on downstream targets of AKT such as
phosphorylation of mTOR and GSK3b by Western blot,
using the in vivo tumor tissues. Expression of these AKT-
target proteinswas strongly suppressed by30mg/kgof 3CAI
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Figure 5. Effect of 3CAI on the AKT signaling pathway. A, 3CAI inhibits AKT-target proteins in HCT116 colon cancer cells. Cells were treated with 3CAI,
I3C, or an AKT inhibitor and then harvested at various times (0.5, 1, and 3 hours). B, 3CAI regulates pro- or antiapoptotic proteins in HCT116 colon
cancer cells. Cells were treated with 3CAI or I3C and then harvested at various times (6, 12, and 24 hours). The cells were immunoblotted with
antibodies to detect GSK3b, p-GSK3b(Ser9), mTOR, p-mTOR(Ser2448), AKT, p-AKT(Thr308), p53, p21, Bcl-2, Bad, ASK1(Ser83), and b-actin. b-Actin
was used to verify equivalent loading of protein. Band density and ratio (phosphorylation/total protein) was measured by the Image J software
program. Similar results were obtained from 2 independent experiments. C, 3CAI induces apoptosis in colon cancer cells. HCT116 or HCT29 colon
cancer cells were seeded with 3CAI, I3C, or AKT inhibitor in 1% FBS and medium and then incubated for 4 days. Cells were stained with Annexin V
and propidium iodide, and apoptosis was determined by fluorescence-activated cell sorting. *, significant difference (P < 0.05) between untreated
controls and treated cells.
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in tumor tissues (Fig. 6D). These data suggested that
HCT116 colon tumordevelopmentwas suppressed by3CAI
through inhibition of AKT signaling pathway.

Discussion

The natural phytochemical I3Chas been reported to exert
potent antiproliferative activities in cell-based studies and
has been implicated as a potential therapy for human
cancers. However, only high concentrations of I3C can
induce anticancer activity and seem to involve a nonspecific
broad range of targets. Therefore, interest in developing

more potent synthetic I3C-based compounds has grown.
However, only a few I3C analogues have been reported and
exert only a low enhancement of potency in biological
activity (23, 24). In contrast, 1-benzyl-I3C was reported as
the most potent synthetic derivative of I3C with an approx-
imate 1,000-fold increased potency against breast cancer.
The investigators suggested that 1-benzyl-I3C inhibited
CDK2 enzymatic activity and CDK6 activity through the
downregulation of CDK6 transcription and protein expres-
sion (25). However, direct targets of 1-benzyl-I3C or its
specificity were not determined.We have identified a potent
derivative of I3C, 3CAI, from a high-throughput screening
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Figure 6. Effect of 3CAI on colon cancer growth in a xenograft mouse model. A, 3CAI significantly suppresses colon tumor growth. Mice were monitored
until tumors reached 1-cm3 total volume, at which time mice were euthanized and tumors were extracted. Tumor volume was calculated from
measurements of 2 diameters of the individual tumor by on the following formula: tumor volume (mm3)¼ (length�width� height� 0.52). Data are shown as
means�SEof values obtained fromweeklymeasurements. *, significant differencebetween tumors fromuntreated and treatedmice asdetermined (P<0.05).
B, 3CAI has no effect on mouse weight. Body weights from treated or untreated groups of mice were obtained once a week over 5 weeks. C, H&E
staining and immunohistochemical analysis of tumor tissues. Treated or untreated groups of mice were euthanized and tumors were extracted. Colon tumor
tissue slides were prepared with paraffin sections after fixation with formalin and then stained with H&E or anti-Ki-67. Expression of Ki-67 was visualized
with a light microscope (200�). D, 3CAI inhibits AKT-target protein expression in HCT116 colon tumor tissues. The tumor tissues from groups treated
with vehicle, 30 mg 3CAI/kg, or 100 mg I3C/kg of body weight were immunoblotted with antibodies to detect GSK3b, p-GSK3b(Ser9), mTOR, p-mTOR
(Ser2448), AKT, p-AKT(Thr308), and b-actin. b-Actin was used to verify equivalent loading of protein.
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of 85 kinases (Supplementary Table S1). We found that
3CAI inhibited only AKT kinase activity (Fig 2A and B),
suggesting that 3CAI is a specific AKT inhibitor.

In addition, we determined the binding orientation
between 3CAI and AKT by a computer docking model.
About 20 crystal structures of AKT2 and 10 of AKT1 are
available. The molecular alignment of the protein
sequences using EMBOSS (26) showed that they possess
about 85% and 92% identity. 3CAI was docked to the
allosteric site of AKT1 and AKT2. The preference for AKT2
over AKT1 is much more difficult to explain because the
crystal structure of the AKT2 PH domain has not yet been
solved. The sequences of AKT1 and AKT2 are highly con-
served, and the sequence identity between the PH domains
is about 80%. Thus, a reliable homologymodel of the AKT2
PH domain can be built on the basis of the known structure
of the AKT1 PH domain. The structure of the AKT2 PH
domain used in this study was modeled on the template
structure of 1UNQ. The reason as to why 3CAI prefers the
allosteric site of AKT1 and AKT2 to the ATP site is puzzling.
The observed preference might not lie in a classical expla-
nation where specific ligand–protein noncovalent interac-
tions do or do not exist, but potentially the explanation lies
in the realm of statistics. 3CAI was computationally pre-
dicted to possess multiple binding orientations within the
ATP-binding site of both AKT1 and AKT2 (data not shown).
However, 3CAI preferred to dock only to the PH domain in
AKT1 and AKT2 (Fig. 3A and B). Therefore, we needed to
analyze a docking simulation between 3CAI and the AKT1
and AKT2 proteins as well as examine binding with a
deletion mutant of AKT1 and AKT2.

Previous studies showed that HER-2 mediated AKT acti-
vation to induce translocation of MDM2 from the cyto-
plasm to the nucleus. MDM2 directly binds to p53 and
induces ubiquitination (27, 28). In other reports, an effect
of AKT on MDM2 subcellular localization from the cyto-
plasm to the nucleus was not detected, but AKT was shown
to facilitate the function of MDM2 to promote p53 ubiqui-
tination by phosphorylation of Ser186 (29). In our study,
the protein level of p53 was substantially increased by 3CAI

in a time-dependentmanner, aswas the abundanceof p21, a
target of p53 (Fig. 5B). We examined whether inhibition of
AKT kinase activity by 3CAI could induce stability of p53 by
suppressing phosphorylation of MDM2 (Ser166). We con-
firmed thephosphorylationofMDM2andp53protein level
by an immunofluoresence assay and Western blot analysis
of cytoplasmic and nuclear protein fractions. However, we
did not observe any significant translocation of MDM2
(data not shown). Importantly, 3CAI suppressed colon
cancer cell growth and induced apoptosis more potently
than I3C or a commercially available AKT inhibitor (Fig. 5).
Results of a xenograft mouse model showed that oral
administration of 3CAI at 30 mg/kg of body weight for
21 days significantly inhibited colon cancer cell growth and
was not toxic (Fig. 6A and B).

In conclusion, we found that the I3C derivative 3CAI is a
potent and specific AKT inhibitor and suppressed cell
growth and induced apoptosis both in vitro and in vivo.
These findings should be useful for developing drugs target-
ing AKT, and3CAI seems to be a promising lead compound.
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