Published OnlineFirst August 14, 2013; DOI: 10.1158/0008-5472.CAN-12-4358

Cancer
Research

Therapeutics, Targets, and Chemical Biology

Indirubin Derivative 6BIO Suppresses Metastasis

Simone Braig', Christine A. Kressirer!, Johanna Liebl’, Fabian Bischoff', Stefan Zahler',
Laurent Meijer?, and Angelika M. Vollmar'

Abstract

While metastasis is the chief cause of cancer mortality, there nonetheless remains a lack of antimetastatic
therapies that are clinically available. In this study, we present the indirubin derivative 6-bromo-indirubin-3’-
oxime (6BIO) as a promising antimetastatic agent. 6BIO strongly reduced formation of lung metastasis in the
well-established 4T1 mouse model of aggressive breast cancer. Several major hallmarks of the metastatic
process were affected by subtoxic concentrations of 6BIO, which inhibited adhesion, migration, and invasion
of a variety of metastatic cell types in vitro. Mechanistic analyses focused on known targets of 6BIO, which
were silenced by this compound. Unexpectedly, RNAi-mediated silencing of glycogen synthase kinase 3
(GSK3P) and phosphoinositide-dependent protein kinase 1 (PDK1), both modulators of cellular metastasis
targeted by 6BIO, were not found to affect invasive migration in this study. Instead, the Jak/STAT3 signaling
pathway appeared to play a major role through modulation of its downstream migration regulators C-
terminal tensin-like protein and matrix metalloproteinase 2. However, PDK1 and GSK3 contributed to the
overall response to 6BIO, as silencing of all three pathways resulted in almost complete inhibition of
migration, phenocopying the 6BIO response. Taken together, our findings illustrate the antimetastatic
activity of 6BIO on the basis of its ability to simultaneously inhibit several kinase cascades involved in
metastasis of cancer cells, supporting the concept of "polypharmacology” in developing drugs to attack
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metastasis, the most deadly aspect of cancer. Cancer Res; 73(19); 6004-12. ©2013 AACR.

Introduction

The high mortality rates in metastatic cancer are primarily
due to invasion and progression of tumor cells into distant
organs rather than to the primary tumors themselves (1, 2).
Metastasis is composed of several discrete steps: loss of cellular
adhesion, increased motility and invasiveness, intravasation of
the circulatory system, transport and survival in circulation,
adherence to vessel walls, extravasation, and finally coloniza-
tion of a distant site (3). Despite huge advances in understand-
ing the molecular mechanisms underlying these metastatic
processes during the last decades, metastasis is still respon-
sible for as much as 90% of cancer-associated mortality
because specific therapies are lacking (4). By now it is well
known that development, survival, and metastasis of cancer
cells depend on a crosstalk of numerous signal transduction
pathways (1, 5). Therefore, a change of paradigms has occurred
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in drug design during recent years: Instead of monospecific
agents, those hitting rather a range of metastatic signaling
targets are urgently needed (6).

Throughout history, natural products have played an essen-
tial role in the treatment of diseases. Along this line, more than
3,000 species of plants have been used and analyzed for the
treatment of cancer since the mid 1970s (7, 8).

Numerous natural sources (mostly plant extracts) constitute
the basis for multiple prescriptions in traditional Chinese
medicine, being widely used as complementary approach in
addition to conventional treatment of cancer (9). One is Danggui
Longhui Wan, which consists of eleven medicinal ingredients
and was shown to be clinically active in chronic myeloid
leukemia (CML; ref. 10). The active component of this recipe
is Indigo naturalis, itself composed of high levels of the well-
known dye indigo and, to a minor extent, its 3,2 -isomer indir-
ubin (11, 12). Further investigations in animal models
and clinical studies revealed that not indigo, but indirubin
exhibited pronounced effects in the treatment of CML (10).
Nowadays, because of its poor water solubility and its adverse
gastrointestinal effects, indirubin is no longer in clinical use (13).

However, a variety of indirubin derivatives isolated from
indigo dye-producing plants and gastropod mollusks have been
discovered and identified as protein kinase inhibitors (14). In
2003, Meijer and colleagues characterized several bromo-indi-
gos and synthetic derivatives of various bromo-substituted
indirubins, and among these the cell permeable product 6-
bromo-indirubin-3'-oxime (6BIO) has been described as a
potent inhibitor of glycogen synthase kinase 3[3 (GSK3; ref. 15).
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In this study, we investigated the effect of 6BIO on cancer cell
attachment, migration, and invasion both in vitro and in vivo.
Furthermore, the molecular targets of the indirubin derivative
mediating the antimetastatic effect of 6BIO in cancer cells were
identified.

Materials and Methods

Compounds

6BIO, 5BIO, 7BIO, and Methyl-6-bromo-indirubin-3'-oxime
(Me-6BIO) were partly synthesized by the authors (L. Meijer) as
well as purchased from Enzo Life Sciences. Further compounds
are listed in Supplementary Methods.

Cell culture

Acquisition and cultivation of the human cancer cell lines
T24, HuH-7, MDA-MB-231, and the murine mammary car-
cinoma cell line 4T1-luc are described in Supplementary
Methods.

Cell adhesion to fibronectin
Adhesion assays were carried out as described previously
(16). For detailed information, see Supplementary Methods.

Attachment assay using the xCELLigence system

Attachment and spreading of the cells was determined using
the xCELLigence System from Roche Diagnostics. T24 cells
were treated with 6BIO for 24 hours and seeded at a density of
5,000 cells per 100 UL in equilibrated E-plates.

Scratch assay

Scratch assays on confluent cell monolayers were conducted
as described previously (17). Details are described in Supple-
mentary Methods.

Migration and invasion assay using Boyden chambers

Assays were conducted using Transwell plates containing
polycarbonate filters (Corning). For further details, see Sup-
plementary Methods.

Chemotaxis

Chemotaxis of 6BIO-treated T24 cells was investigated by
u-Slide Chemotaxis assay (IBIDI) according to manufacturer’s
instructions. Chemotaxis analysis was conducted as described
previously (18).

Apoptosis assay

Quantification of apoptosis was conducted according to the
procedure described in the work of Nicoletti and colleagues
using a FACSCalibur (Becton Dickinson; ref. 19). Nuclei to the
left of the G, peak containing hypodiploid DNA were consid-
ered apoptotic.

Transfection experiments

Cells were transfected for 24 to 48 hours using Dharma-
FECT Transfection reagent (Thermo Scientific) and Dhar-
macon ON-TARGETplus SMARTpool siRNAs phosphoinosi-
tide-dependent protein kinase 1 (PDK1), GSK3f, and JAK1,

and nontargeting siRNA (Thermo Scientific) according to
manufacturer's instructions.

Western blotting

Protein expression was analyzed by using commercially
available primary and HRP-conjugated secondary antibodies.
Further details are described in Supplementary Methods.

Confocal laser scanning microscopy

6BIO-treated T24 cells were fixed, permeabilized, and
stained with the respective antibodies. Images were taken by
confocal microscopy (LSM 510 Meta, Zeiss). Details are
described in Supplementary Methods.

Spheroid migration assay

Spheroids were generated according to the hanging drop
protocol as described previously (20). For further details, see
Supplementary Methods.

In vivo experiments

Six-week-old female Balb/cBy] mice obtained from Janvier
(Centre d'Elevage R. Janvier, Le Genest Saint-Isle, France) were
pretreated with 1 mg/kg 6BIO [dissolved in dimethyl sulfoxide
(DMSO0), 10% Cremophor EL, and PBS] or vehicle 2 hours
before intravenous injection of 0.1 x 10° 4T1-luc2 breast
cancer cells. The number of animals analyzed was 11 in the
control group and 13 in the treated group. Eight days after
injection, the lungs of the mice were isolated and the number of
metastasis was determined visually. The luciferase activity of
the lungs was measured by using Dual-Luciferase Reporter
Assay (Promega). All animal experiments were conducted
according to the guidelines of the German law for protection
of animal life and approved by the local ethics committee.

Statistical analysis

Results are expressed as the mean + SD (range) or as
percentage value. Comparisons between groups were made
using the one-way ANOVA/Dunnett and Student unpaired ¢
test. A P value less than 0.05 was considered statistically
significant. All calculations were carried out using the Graph-
Pad Prism software package (GraphPad Software Inc).

Results

The indirubin derivative 6BIO prevents migration and
invasion of metastatic cancer cells

6BIO treatment decreases the ability of T24 urinary bladder
carcinoma cells to bind to fibronectin by approximately 20%
upon treatment with 3 mol/L 6BIO. A reduction of adhesion
up to 35% was observed when cells were treated with 10 umol/L
6BIO compared with control cells (Fig. 1A). In addition, the
attachment capacity of 6BIO-treated T24 cells to uncoated
wells was reduced in a similar dose-dependent manner, as
determined by xCELLigence experiments (Supplementary
Fig,. S1).

To exclude cytotoxicity being involved and to find appro-
priate subtoxic concentrations of 6BIO, apoptotic cell death as
well as loss of cell membrane integrity was analyzed after
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Figure 1. 6BIO inhibits adhesion and migration of various invasive cancer cells. A, treatment of T24 urinary cancer cells with 3 umol/L and 10 umol/L 6BIO

resulted in a reduced ability to bind to fibronectin-coated plates compared with control cells. B, apoptosis measurement revealed no induction of cell

death upon incubation with 3 umol/L 6BIO for 72 hours, whereas 10 umol/L 6BIO treatment resulted in a slight increase of apoptotic cells. (Continued on the

following page.)
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treatment with increasing concentrations of 6BIO for 72 hours.
While incubation with 3 pumol/L 6BIO had clearly no effect on
cell survival, a slight, but significant induction of apoptosis in
T24 cells treated with 10 pmol/L 6BIO was observed (Fig. 1B).
On the basis of these results, all subsequent experiments on
migration and invasion of cancer cells were conducted using a
subtoxic dose of 6BIO (3 umol/L).

6BIO strongly inhibited the migration of T24 cells to 13% of
untreated cells as shown in a wound-healing assay. Notewor-
thy, neither the kinase-inactive form Methyl-6BIO (Me-6BIO),
nor the structurally related bromo-substituted indirubin deri-
vatives 5BIO and 7BIO had an effect on the migratory potential
of the cells (Fig. 1C). Exemplary pictures of the Scratch assay, as
well as the chemical structures of 5BIO, 6BIO, Me-6BIO, and
7BIO are shown in Supplementary Figs. S2 and S3.

To further study the effect of 6BIO on migration in different
types of invasive cancer cell lines, next to the highly invasive
urinary bladder carcinoma cell line T24, the moderate invasive
HuH-7 hepatocarcinoma cells, and the triple-negative breast
cancer cell line MDA-MB-231 as well as the murine mammary
carcinoma cell line 4T1 were used. As shown by a wound-
healing assay, the migratory potential of 6BIO-treated T24,
HuH-7, MDA-MB-231, and 4T1 cells was strongly diminished
compared with control cells (Supplementary Fig S4). Apoptosis
assays confirmed that treatment of the cell lines with 3 pmol/L
6BIO had no cytotoxic effects (Supplementary Table S1).

Furthermore, directed migration of the T24, HuH-7, MDA-
MB-231, and 4T1 cells towards a chemoattractant was also
significantly reduced after treatment with 6BIO for 24 hours, as
determined by Boyden chamber assays (Fig. 1D). Representa-
tive images of migrated T24 cells are shown in Supplementary
Fig. S5. In addition, analysis of movements of single cells along
a chemoattractant gradient (chemotaxis assay) revealed that
6BIO not only affected directed migration (indicated by y-
forward index, y-center of mass, and euclidean distance) but
also the motility of cells (accumulated distance) in comparison

with control cells. In contrast, the overall velocity of the cells
was not disturbed by 6BIO treatment (Fig. 1E).

As a further indicator for a loss of directionality, 6BIO-
treated cells exhibited altered localization of the microtu-
bule-organizing center (MTOC), as shown by confocal laser
scanning microscopy. While in control cells, the MTOC is
localized in front of the nucleus at the leading edge of the
migrating cell, the MTOC of 6BIO-treated cells was randomly
distributed throughout the cell, thereby impeding directed
migration of the cells (Fig. 1F).

Two sets of experiments addressed the effect of 6BIO on the
invasive potential of cancer cells. First, T24 cells pretreated
with 6BIO for 20 hours and seeded into Transwell inserts on top
of a defined layer of Matrigel showed significantly reduced
invasive activity as compared with control cells (Fig. 2A).
Second, a three-dimensional model was used: T24 cells were
grown as spheroids, treated with 6BIO or DMSO and embedded
in collagen. 6BIO clearly abrogated the invasion of the cells into
the surrounding collagen matrix (Fig. 2B).

6BIO inhibits GSK33, PDKI1, and STAT signaling
pathways

Next, we aimed to identify the molecular targets of 6BIO
responsible for the antiinvasive action of 6BIO. The known fact
that 6BIO inhibits glycogen synthase kinase 3[3 (GSK3[3; ref. 14)
was confirmed also for our experimental setting by analyzing
the amount of B-catenin. B-catenin is phosphorylated by
GSK3p, thereby leading to its degradation. T24 cells treated
for 24 hours with 6BIO displayed increased levels of 3-catenin
compared with control cells. Lithium chloride, another
reported inhibitor of GSK3[3, was used as positive control (Fig.
3A, i).

To analyze the functional link of inhibition of GSK3f by 6BIO
and migration, we treated T24 cells with 10 mmol/L LiCl and
specific siRNAs against GSK3p for 48 hours. Successful silenc-
ing of GSK3p protein levels was confirmed by Western blot

(Continued.) C, scratch assays showed a significant reduction in the migratory potential of T24 cells after treatment with 3 umol/L 6BIO, whereas neither the
kinase-inactive form of 6BIO (Me-6BIO), nor 5BIO, nor 7BIO had an effect on migration. D, treatment of T24, HuH-7, MDA-MB-231, and 4T1 breast cancer
cells with 3 umol/L 6BIO resulted in a diminished migration capacity as shown by Boyden chamber experiments. E, directed migration towards an

FCS gradient was analyzed by live cellimaging (left). 6BIO significantly abolished directed migration and migration distance of T24 cells (right). F, localization of
the MTOC in migrating cells is altered by 6BIO. Representative images of T24 cells are shown on the left. The fluorescent signals of MTOC (stained by
anti-y-tubulin antibody, arrows) are shown. Bars on the right indicate percent of cells with MTOCs oriented towards the leading edge. Bars always show the
mean + SD of 3 independent experiments with n = 3. ns, not significant; *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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Figure 3. Impact of 6BIO targets on cancer cell migration. A, 6BIO inhibits GSK3 in T24 cells, but GSK3p does not affect migration. -catenin is stabilized in 6BIO-
treated cells. This effect is comparable to incubation with the GSK3 inhibitor lithium chloride (LiCl; i). Transfection of T24 cells with siRNAs against GSK3[3
resulted in a clear reduction of GSK3p protein expression after 48 hours. Transfection with a non-targeting siRNA served as a control (ii). Migration is
neither diminished in siGSK3p-transfected nor in LiCl-treated T24 cancer cells as determined by Boyden chamber assays (jii). B, impact of inhibition of PDK1 by
6BIO. Confocal microscopy experiments showed reduced phosphorylation of Akt (T308) after treatment with 6BIO for 24 hours (j). Migration of T24 cells (jii)) was
significantly affected after knockdown of PDK1 using the PDK1 inhibitor GSK 2334470 or specific siRNAs (ii). C, inhibition of JAK/STAT3 by 6BIO.
Phosphorylation of Src and STAT3 is strongly diminished in 6BIO treated urinary cancer cells after 24 hours as shown by Western blot (j). Incubation with the Src
kinase inhibitor saracatinib and the pan Jak-Inhibitor |, as well as transfection with specific sSiRNAs, revealed diminished expression of pSrc, pSTAT3, and Jak1,
respectively (i)). Migratory potential of the treated cells is strongly reduced compared with control cells, as determined by Boyden chamber experiments (iii).
D, impact of combined knockdown of GSK3p, PDK1, and Jak1 on bladder cancer cell migration. T24 cells were transfected with specific sSiRNAs against
GSK3p, PDK1, and Jak1 (i). Migratory potential of the cells is reduced upon combined transfection with GSK3 and PDK1, whereas triple knockout of GSK3p,
PDK1, and Jak1 strongly impeded the migration of the cells compared with control cells. Bars always show the mean + SD of 3 independent experiments.
Measurements were carried out in triplicate. ns, not significant; *, P < 0.05; ***, P < 0.001.
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analysis (Fig. 3A, ii). Interestingly, inhibiting GSK3f had no
significant effect on the migratory potential of T24 cells (Fig 3A,
iii). Because it is known that 6BIO targets cyclin-dependent
kinases (CDK; ref. 15), cells were treated with 10 pumol/L
roscovitine, a known inhibitor of CDKs. However, Boyden
chamber assays revealed no diminished migratory potential
of roscovitine-treated cells (Supplementary Fig. S6), indicating
that the effect of 6BIO on migration impairment is not medi-
ated via CDK inhibition.

PDK1 was recently identified by our group as a target of
6BIO, yet unknown (21). PDK1 phosphorylates the downstream
kinase Akt on Threonine 308, which results in activation of Akt.
As shown by immunofluorescent staining, Threonine 308-
phosphorylation of Akt indeed was strongly diminished after
6BIO treatment of urinary bladder carcinoma cells (Fig. 3B, i).
Next, the expression of PDK1 was abrogated by treatment with
GSK2334470, a specific PDK1 inhibitor, or siRNA transfection
(Fig. 3B, ii). Boyden chamber assays revealed a significant
decrease in the migratory capacity of cells incubated with
10 umol/L GSK2334470 or with siRNAs targeting PDK1 com-
pared with related controls (Fig. 3B, iii).

Figure 3C, i shows a further target of 6BIO, i.e., the Jak/STAT
pathway in our setting. 6BIO-treated cells showed reduced
phosphorylation and activation of Src and STAT3. To inves-
tigate the functional relevance of Src/Jak/STAT3 signaling in
the migration inhibition mediated by 6BIO, we treated T24
with 1 pmol/L saracatinib, a known inhibitor of Src kinase, 10
pumol/L of the pan Jak-Inhibitor I and siRNAs against Jakl, the
upstream regulator of STAT3 activity. Reduction of Src, STATS3,
and Jakl expression was confirmed by Western blot experi-
ments (Fig. 3C, ii). Boyden chamber assays revealed a reduction
of the migratory potential of saracatinib and Jak-Inhibitor I-
treated cells up to 3-fold and 2-fold, respectively, whereas
transfection with siRNA against Jakl resulted in more than
60% diminished migration compared with controls (Fig. 3C,
iii). Notably, treatment with the aforementioned small-mole-
cule inhibitors (LiCl, roscovitine, GSK2334470, saracatinib and
Jak-Inhibitor I) had no cytotoxic effect on the cancer cells
(Supplementary Fig. S7).

Having shown that 6BIO inhibits multiple signaling path-
ways in metastatic cancer cells, we carried out a double-
and triple knockdown of GSK3p3, PDK1, and Jakl (Fig. 3D, i)
and analyzed their impact on cell migration. Boyden cham-
ber assays revealed a significant migration-inhibition of
siGSK3B and siPDK1 double transfected cells compared
with control cells. Moreover, triple knockdown of GSK3p,
PDK1, and Jakl almost completely abrogated the migration
of T24 cells (Fig. 3D, ii). Noteworthy, silencing the expres-
sion of these proteins had no impact on survival or pro-
liferation of the cells, indicating that the effect of GSK3,
PDK1, and Jak/STAT signaling pathways on migration
inhibition is not due to an induction of apoptosis (Supple-
mentary Fig S8).

JAK/STAT-3 pathway regulated genes affected by 6BIO
Because inhibiting the Jak/STAT signaling pathway has the

most evident effect on migration inhibition, we investigated

potential target genes of Jak/STAT that might be involved in
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Figure 4. Expression of STAT target genes CTEN and MMP-2 is
diminished in 6BIO-treated cells. A, silencing of Jak1 resulted in strongly
diminished expression of CTEN and MMP-2 in T24 cells. B, protein levels
of CTEN and MMP-2 are reduced in T24 cells upon treatment with
increasing concentrations of 6BIO for 24 hours.

the regulation of migration and invasion. Thereby, we iden-
tified C-terminal tensin-like protein (CTEN, Tensin-4) and
matrix metalloproteinase 2 (MMP-2) as being strongly dimin-
ished in siJakl-transfected cells (Fig. 4A). To confirm that
these STAT3 target genes were also downregulated by treat-
ment with 6BIO, we conducted Western blot experiments.
While a reduction of MMP-2 expression is only visible in cells
incubated with high concentrations of 6BIO, the protein
levels of CTEN were in fact dramatically reduced upon treat-
ment of T24 cancer cells with low concentrations of 6BIO
(Fig. 4B). Hence, 6BIO impedes the expression of CTEN and
MMP-2 by blocking the Jak/STAT signaling cascade, thus
most likely leading to inhibition of migration and invasion
of cancer cells.

6BIO inhibits cancer metastasis in vivo

Finally, to transfer our in vitro results to an in vivo system, we
made use of the 4T1-luc2 metastatic mouse breast cancer
model (22). 4T1 cells rapidly disseminate to distant organs,
predominantly to the lungs after intravenous application.
Balb/cBy] mice were treated once with 1 mg/kg 6BIO 2 hours
before intravenous injection of 4T1-luc2 cells. Mice were
sacrificed 8 days after injection, lungs were isolated and the
number of lung metastasis was determined visually. As shown
in Fig. 5A, treatment with 6BIO strongly diminished the
number of lung-metastasis compared with vehicle-treated
mice. In addition, the luciferase activity of the isolated lungs
of 6BIO-treated mice was reduced up to 80% in comparison
with the lungs of control-treated animals (Fig. 5B).

Discussion

This study designates the synthetic indirubin derivative
6BIO as a potent antimetastatic agent for treatment of invasive
cancer. 6BIO at a subtoxic concentration potently inhibits
migration and invasion of various metastatic cells by interfer-
ing with distinct pathways implicated in the regulation of cell
migration, namely GSK3[3, PDK1, and Src/Jak/STAT signaling
cascades.

Initially, 6BIO was identified as a very potent inhibitor of
GSK3B. Cocrystal structures showed a direct interaction of
6BI0 within the ATP-binding pocket of GSK3f (15). Along this
line, 6BIO has been used to maintain pluripotency of human
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Figure 5. 6BIO inhibits breast cancer metastasis in vivo. 1 mg/kg 6BIO or DMSO vehicle was injected intravenously into Balb/c mice 2 hours before injection of
4T1luc2 cells. After 8 days, lungs were isolated and number of lung metastasis was determined visually (A) and by measuring the luciferase activity of the lung
lysates (B). Eleven control mice and 13 6BIO-treated mice were analyzed. *, P < 0.05; ***, P < 0.001.

embryonic stem cells (23), to prevent GSK3B-induced gluco-
corticoid bone loss (24), and to counteract tau protein aggre-
gation in tauopathies such as Alzheimer disease (25).

Recently, to extend the therapeutic application of 6BIO
beyond its usage as a GSK3f inhibitor, a panel of various
isolated kinases has been tested for inhibition by 6BIO (21, 26).
However, until now, most of the data obtained have not been
validated in cellular systems in detail.

It is known that 6BIO is able to induce apoptosis in mela-
noma and breast cancer cells (27, 28). Liu and colleagues
showed that 6BIO exerts its proapoptotic effects on human
melanoma cells by inhibiting Jak/STAT3 signaling pathways
(27). Interestingly, 6BIO also suppressed tumor growth in a
human melanoma xenograft model. The fact that the com-
pound was administrated orally makes it a very promising
therapeutic agent for treatment of cancer in general. However,
the authors had to use very high concentrations of 6BIO (50
mg/kg) to observe inhibition of tumor growth in vivo (27).

Up till now, there is only one study illustrating the effect of
6BIO on migration and invasion of cancer cells in vitro and in
vivo. Williams and colleagues showed that 6BIO reduces the
invasive potential of glioma cells through the specific suppres-
sion of GSK3f signaling pathways (29). They state that acti-
vation of GSK3f promotes glioma migration through phos-
phorylation and degradation of -catenin. Therefore, inhibi-
tion of this signaling pathway by 6BIO stabilizes -catenin and
subsequently reduces cell migration and invasion. However,
the influence of GSK3P on cellular migration is controversial.
Conflicting reports show decreased cell migration after inhi-
bition of GSK3[ (30), whereas other reports provide strong
evidence that GSK3p inhibition most likely promotes cancer
cell invasion and metastasis (31). According to this, silencing of
B-catenin did not result in complete rescue of 6BIO's antimi-
gratory effects in glioma cells (29), thus indicating that GSK3[3
is not the only regulator of migration inhibition mediated by
6BIO.

These data were reinforced and extended by our own work
showing a strong inhibition of migration and invasion in 6BIO-
treated cancer cells. Although we were able to confirm GSK3f
as a target of 6BIO, inhibiting its expression by LiCl and siRNAs

surprisingly had no effect on migration. This implies that, at
least in the case of our metastatic cancer cells, 6BIO exerts its
effects on metastasis inhibition by suppressing further molec-
ular targets besides GSK3p.

Recently, by inverse in silico screening, PDK1 was identified
as a potential target of 6BIO (21). This could be verified by our
experiments showing reduced phosphorylation of Akt, the
main substrate of PDK1 after treatment with 6BIO. It has been
reported that inhibition of PDK1 in MDA-MB-231 breast-
cancer cells strongly reduced adhesion, migration, and motility
of the cells by impairing EGF-induced activation of Akt and
PKCC (32). The fact that depending on cell type and cellular
conditions, one isoform of the PDK1 downstream target Akt
(namely Akt2) enhances the migratory and invasive phenotype
of cancer cells, whereas the other isoform Akt1 inhibits migra-
tion (33, 34), might be the reason why abrogating the expres-
sion of PDK1 by siRNA as well as by using a specific PDK1
inhibitor in our T24 urinary carcinoma cells resulted in a
visible, but not robust reduction of migration.

STAT3 is one of the main regulators of tumorigenesis (35).
Besides the well-known effect of STAT3 signaling on cellular
growth and apoptosis, growing evidence arises showing that
STAT3 target genes are implicated in migration, invasion, and
metastasis of different kinds of cancer (36). STAT3 signaling
pathways are activated by Jak-family tyrosine kinases, which
cooperate with Src kinases to activate STAT proteins (37, 38).
Furthermore, because STAT3 is constitutively active in the
majority of highly invasive cancer types, inhibition of tyrosine
kinase pathways mediating STAT3 activation might be a
promising therapeutic option for treatment of metastatic
cancers (39). Indeed, blocking of STAT3 signaling cascades
using small-molecule inhibitors suppresses migration and
invasion of breast cancer cells (40). Liu and colleagues showed
that 6BIO is a pan-JAK inhibitor and thus induces apoptosis in
melanoma cells (27). We were able to identify the Src/Jak/
STAT3 signaling as a target of 6BIO in cancer cell migration,
even at a subtoxic concentration. Treatment of T24 cells with
6BIO strongly diminished the phosphorylation of Src and
STAT3. This is in accordance to the study of Ribas and
colleagues, showing by isolated kinase screens that 6BIO
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targets Src kinase (26). Importantly, inhibition of this pathway
by using specific inhibitors of Src kinase (saracatinib) and Jak
(Jak- Inhibitor I) as well as siRNAs against Jakl, resulted in a
strong reduction of migratory behavior of the cells. Thus, by
impeding STAT3 signaling pathways, 6BIO exerts both cyto-
toxic effects on melanoma cells (27), as well as antimetastatic,
but virtually no cytotoxic impact on urinary, hepatocarcinoma,
and breast cancer cells, as shown in this study. However,
although the STAT signaling pathway is the main downstream
target of Src kinases, we cannot rule out that by inhibiting
Src activity, 6BIO also modulates other signaling cascades
activated by Src, like mitogen-activated protein kinase path-
ways (41).

STAT3 signaling pathways are known to promote the
expression of MMPs, which are involved in dissemination of
cancer cells. Senft and colleagues reported that inhibition of
STAT3 signaling diminishes the expression and activity of
MMP-2, thus impeding the migration and invasion of glioblas-
toma cells (42). Moreover, invasion of colon carcinoma cells is
enhanced by STAT3-mediated MMP induction (43). These
reports are in accordance with our own data showing that
inhibiting the Jak/STAT3 by 6BIO results in significant down-
regulation of MMP-2 in T24 urinary cancer cells.

Next to MMPs, several other metastasis-related genes are
affected by STAT3 signaling cascades. A largely unknown
target of STAT3 is a member of the Tensin family, namely
CTEN. Besides our study, which shows that 6BIO-mediated
inhibition of STAT3 signaling resulted in strongly reduced
expression of CTEN, there is just one further publication that
links STAT3 with CTEN. Barbieri and colleagues illustrated in
2010 that constitutively-active STAT3 triggers the migration
and invasion of mammary tumors via overexpression of CTEN
(44). Tensin family members are localized to focal adhesion
sites, where they link the cytoskeleton to integrin-based adhe-
sion sites. CTEN is the only tensin that lacks the actin-binding
domain necessary for the interaction of integrins and actin
fibers (45). Katz and colleagues showed that CTEN displaces
tensin-3 from integrins, thus promoting actin disassembly and
stimulating mammary tumor invasion (45). Therefore, next to
MMP-2, CTEN as a yet unknown target gene of STATS3 in T24
cancer cells might be, in part, responsible for the effect of 6BIO
on migration inhibition.

Nevertheless, besides STAT3, 6BIO also targets GSK3f and
PDKI1 signaling, both of which are implicated in migration
regulation. Because metastasis clearly depends on the cross-
talk of numerous signal transduction pathways, the combined
inhibition of these signaling cascades by 6BIO might have a
synergistic impact on migration inhibition. Indeed, silencing
GSK3p, PDK1, and STAT3 pathways almost completely abro-
gates the migration of metastatic cancer cells. Hence, by using
multi-targeted agents like 6BIO, that combine the advantage of
synergistic effects together with the circumvention of potential

References

1. Chaffer CL, Weinberg RA. A perspective on cancer cell metastasis.
Science 2011;331:1559-64.

2. Weigelt B, Peterse JL, van 't Veer LJ. Breast cancer metastasis:
markers and models. Nat Rev Cancer 2005;5:591-602.

counter regulation mechanisms, greater efficiency in the treat-
ment of cancer will be achieved (46, 47).

The feasibility of this approach is shown by the fact that
the effect of 6BIO on migration and invasion inhibition in
cellular systems could also be shown in a mouse model of
tumor metastasis. There, treatment with low concentrations
of 6BIO (1 mg/kg) almost completely inhibited metastatic
spreading of breast cancer cells into the lungs. We propose
that 6BIO diminished metastasis mainly due to its antimi-
gratory potential. Certainly, we cannot rule out that next
to the direct effects of 6BIO on cancer cells, 6BIO influences
the vascular or immune system and thus contributes to
the inhibition of cancer metastasis. However, because the
micrometastases are quite small, it is very unlikely that
either inhibition of proliferation or angiogenesis play pivotal
roles in the observed effect of 6BIO on lung metastases.
Furthermore, although treatment of cancer cells with high
concentrations of 6BIO led to about 10% apoptosis induction
in vitro, dissemination of tumor cells is inhibited more than
80% after treatment with 6BIO in vivo. This implies that
apoptosis does not account substantially to 6BIO’'s antimi-
gratory effects.

By using 6BIO as a chemical tool to characterize the impact
of various signaling pathways on cancer cell migration, we
identified this compound as a promising therapeutic agent in
the treatment of metastatic cancer.

Disclosure of Potential Conflicts of Interest
No potential conflicts of interest were declared.

Authors' Contributions

Conception and design: S. Braig, C.A. Kressirer, L. Meijer, A.M. Vollmar
Development of methodology: S. Braig, C.A. Kressirer, F. Bischoff, S. Zahler,
A.M. Vollmar

Acquisition of data (provided animals, acquired and managed patients,
provided facilities, etc.): S. Braig, C.A. Kressirer, J. Liebl, S. Zahler

Analysis and interpretation of data (e.g., statistical analysis, biostatistics,
computational analysis): S. Braig, C.A. Kressirer, ]. Liebl, F. Bischoff, S. Zahler
Writing, review, and/or revision of the manuscript: S. Braig, C.A. Kressirer,
F. Bischoff, L. Meijer, A.M. Vollmar

Administrative, technical, or material support (i.e., reporting or orga-
nizing data, constructing databases): C.A. Kressirer, A.M. Vollmar

Study supervision: A.M. Vollmar

Acknowledgments

The authors thank Rita Socher, Kerstin Loske, Silvia Schnegg, and Jana
Peliskova for excellent technical assistance. The authors also thank Dr. L.
Skaltsounis for synthesis of 6BIO, 5BIO, 7BIO, and Me-6BIO.

Grant Support

This work was supported by the European Union project Pro-KinaseResearch
LSHB-CT-2004-503467 (L. Meijer, A.M. Vollmar), Bayerische Forschungsstiftung
(C.A. Kressirer).

The costs of publication of this article were defrayed in part by the payment of
page charges. This article must therefore be hereby marked advertisement in
accordance with 18 U.S.C. Section 1734 solely to indicate this fact.

Received November 27, 2012; revised June 7, 2013; accepted July 16, 2013;
published OnlineFirst August 14, 2013.

3. Fidler IJ. The pathogenesis of cancer metastasis: the 'seed and soil'
hypothesis revisited. Nat Rev Cancer 2003;3:453-8.

4. Hanahan D, Weinberg RA. Hallmarks of cancer: the next generation.
Cell 2011;144:646-74.

www.aacrjournals.org

Cancer Res; 73(19) October 1, 2013

Downloaded from cancerres.aacrjournals.org on July 19, 2018. © 2013 American Association for Cancer Research.

6011


http://cancerres.aacrjournals.org/

6012

Published OnlineFirst August 14, 2013; DOI: 10.1158/0008-5472.CAN-12-4358

Braig et al.

10.

11.

12,

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

Petrelli A, Giordano S. From single- to multi-target drugs in cancer
therapy: when aspecificity becomes an advantage. Curr Med Chem
2008;15:422-32.

Levitzki A, Klein S. Signal transduction therapy of cancer. Mol Aspects
Med 2010;31:287-329.

Graham JG, Quinn ML, Fabricant DS, Farnsworth NR. Plants used
against cancer - an extension of the work of Jonathan Hartwell.
J Ethnopharmacol 2000;73:347-77.

Newman DJ, Cragg GM. Natural products as sources of new drugs
over the 30 years from 1981 to 2010. J Nat Prod 2012;75:311-35.
Yang G, Li X, Li X, Wang L, Li J, Song X, et al. Traditional chinese
medicine in cancer care: a review of case series published in the
chinese literature. Evid Based Complement Alternat Med 2012;2012:
751046.

Xiao Z,Hao Y, Liu B, Qian L. Indirubin and meisoindigo in the treatment
of chronic myelogenous leukemia in China. Leuk Lymphoma 2002;43:
1763-8.

Eisenbrand G, Hippe F, Jakobs S, Muehlbeyer S. Molecular mechan-
isms of indirubin and its derivatives: novel anticancer molecules with
their origin in traditional Chinese phytomedicine. J Cancer Res Clin
Oncol 2004;130:627-35.

Meijer L, Guyard N, Skaltsounis LA, Eisenbrand G. ed. Indirubin, the red
shape of indigo. Life in Progress 2006: Station Biologique, Roscoff,
France.

Bradbury J. From Chinese medicine to anticancer drugs. Drug Discov
Today 2005;10:1131-2.

Hoessel R, Leclerc S, Endicott JA, Nobel ME, Lawrie A, Tunnah P, et al.
Indirubin, the active constituent of a Chinese antileukaemia medicine,
inhibits cyclin-dependent kinases. Nat Cell Biol 1999;1:60-7.

Meijer L, Skaltsounis AL, Magiatis P, Polychronopoulos P, Knockaert
M, Leost M, et al. GSK-3-selective inhibitors derived from Tyrian purple
indirubins. Chem Biol 2003;10:1255-66.

Liebl J, Weitensteiner SB, Vereb G, Takacs L, Furst R, Vollmar AM, et al.
Cyclin-dependent kinase 5 regulates endothelial cell migration and
angiogenesis. J Biol Chem 2010;285:35932-43.

Rath S, Liebl J, Furst R, Ullrich A, Burkhart J, Kazmaier U, et al. Anti-
angiogenic effects of the tubulysin precursor pretubulysin and of
simplified pretubulysin derivatives. BrJ Pharmacol 2012;167:1048-61.
Rothmeier AS, Ischenko |, Joore J, Garczarczyk D, Furst R, Bruns CJ,
et al. Investigation of the marine compound spongistatin 1 links the
inhibition of PKCalpha translocation to nonmitotic effects of tubulin
antagonism in angiogenesis. FASEB J 2009;23:1127-37.

Nicoletti I, Migliorati G, Pagliacci MC, Grignani F, Riccardi C. A rapid
and simple method for measuring thymocyte apoptosis by propidium
iodide staining and flow cytometry. J Immunol Methods 1991;139:
271-9.

Braig S, Bosserhoff AK. Death inducer-obliterator 1 (Dido1) is a BMP
target gene and promotes BMP-induced melanoma progression.
Oncogene 2013;32:837-48.

Zahler S, Tietze S, Totzke F, Kubbutat M, Meijer L, Vollmar AM, et al.
Inverse in silico screening for identification of kinase inhibitor targets.
Chem Biol 2007;14:1207-14.

Tao K, Fang M, Alroy J, Sahagian GG. Imagable 4T1 model for the
study of late stage breast cancer. BMC Cancer 2008;8:228.

Sato N, Meijer L, Skaltsounis L, Greengard P, Brivanlou AH. Mainte-
nance of pluripotency in human and mouse embryonic stem cells
through activation of Wnt signaling by a pharmacological GSK-3-
specific inhibitor. Nat Med 2004;10:55-63.

Wang FS, Ko JY, Weng LH, Yeh DW, Ke HJ, Wu SL. Inhibition of
glycogen synthase kinase-3beta attenuates glucocorticoid-induced
bone loss. Life Sci 2009;85:685-92.

Martin L, Magnaudeix A, Esclaire F, Yardin C, Terro F. Inhibition of
glycogen synthase kinase-3beta downregulates total tau proteins in
cultured neurons and its reversal by the blockade of protein phos-
phatase-2A. Brain Res 2009;1252:66-75.

Ribas J, Bettayeb K, Ferandin Y, Knockaert M, Garrofe-Ochoa X,
Totzke F, et al. 7-Bromoindirubin-3’-oxime induces caspase-indepen-
dent cell death. Oncogene 2006;25:6304-18.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

a41.

42,

46.

47.

LiuL,Nam S, TianY, Yang F, WuJ, Wang Y, et al. 6-Bromoindirubin-3'-
oxime inhibits JAK/STAT3 signaling and induces apoptosis of human
melanoma cells. Cancer Res 2011;71:3972-9.

Nicolaou KA, Liapis V, Evdokiou A, Constantinou C, Magiatis P,
Skaltsounis AL, et al. Induction of discrete apoptotic pathways by
bromo-substituted indirubin derivatives in invasive breast cancer cells.
Biochem Biophys Res Commun 2012;425:76-82.

Williams SP, Nowicki MO, Liu F, Press R, Godlewski J, Abdel-Rasoul
M, et al. Indirubins decrease glioma invasion by blocking migratory
phenotypes in both the tumor and stromal endothelial cell compart-
ments. Cancer Res 2011;71:5374-80.

Yoeli-Lerner M, Chin YR, Hansen CK, Toker A. Akt/protein kinase b and
glycogen synthase kinase-3beta signaling pathway regulates cell
migration through the NFAT1 transcription factor. Mol Cancer Res
2009;7:425-32.

Zhou BP, Deng J, XiaW, Xu J, Li YM, Gunduz M, et al. Dual regulation of
Snail by GSK-3beta-mediated phosphorylation in control of epithelial-
mesenchymal transition. Nat Cell Biol 2004;6:931-40.

LiuY, Wang J, Wu M, Wan W, Sun R, Yang D, et al. Down-regulation of
3-phosphoinositide-dependent protein kinase-1 levels inhibits migra-
tion and experimental metastasis of human breast cancer cells. Mol
Cancer Res 2009;7:944-54.

Arboleda MJ, Lyons JF, Kabbinavar FF, Bray MR, Snow BE, Ayala
R, et al. Overexpression of AKT2/protein kinase Bbeta leads to up-
regulation of beta1 integrins, increased invasion, and metastasis of
human breast and ovarian cancer cells. Cancer Res 2003;63:
196-206.

Irie HY, Pearline RV, Grueneberg D, Hsia M, Ravichandran P, Kothari N,
et al. Distinct roles of Akt1 and Akt2 in regulating cell migration and
epithelial-mesenchymal transition. J Cell Biol 2005;171:1023-34.
Schlessinger K, Levy DE. Malignant transformation but not normal cell
growth depends on signal transducer and activator of transcription 3.
Cancer Res 2005;65:5828-34.

Gao SP, Bromberg JF. Touched and moved by STAT3. Sci STKE
2006;2006:pe30.

Yeh TC, Pellegrini S. The Janus kinase family of protein tyrosine
kinases and their role in signaling. Cell Mol Life Sci 1999;55:1523-34.
Ingley E, Klinken SP. Cross-regulation of JAK and Src kinases. Growth
Factors 2006;24:89-95.

Yu H, Jove R. The STATs of cancer-new molecular targets come of
age. Nat Rev Cancer 2004;4:97-105.

Zhang X, Yue P, Page BD, Li T, Zhao W, Namanja AT, et al. Orally
bioavailable small-molecule inhibitor of transcription factor Stat3
regresses human breast and lung cancer xenografts. Proc Natl Acad
Sci U S A 2012;109:9623-8.

Zhang S, Yu D. Targeting Src family kinases in anti-cancer therapies:
turning promise into triumph. Trends Pharmacol Sci 2012;33:122-8.
Senft C, Priester M, Polacin M, Schroder K, Seifert V, Kogel D, et al.
Inhibition of the JAK-2/STAT3 signaling pathway impedes the migra-
tory and invasive potential of human glioblastoma cells. J Neurooncol
2011;101:393-408.

. Tsareva SA, Moriggl R, Corvinus FM, Wiederanders B, Schutz A,

Kovacic B, et al. Signal transducer and activator of transcription 3
activation promotes invasive growth of colon carcinomas through
matrix metalloproteinase induction. Neoplasia 2007;9:279-91.

. Barbieri |, Pensa S, Pannellini T, Quaglino E, Maritano D, Demaria M,

etal. Constitutively active Stat3 enhances neu-mediated migration and
metastasis in mammary tumors via upregulation of Cten. Cancer Res
2010;70:2558-67.

. Katz M, Amit I, Citri A, Shay T, Carvalho S, Lavi S, et al. A reciprocal

tensin-3-cten switch mediates EGF-driven mammary cell migration.
Nat Cell Biol 2007;9:961-9.

Rosen LS, Ashurst HL, Chap L. Targeting signal transduction path-
ways in metastatic breast cancer: a comprehensive review. Oncologist
2010;15:216-35.

Levitzki A. Tyrosine kinase inhibitors: views of selectivity, sensitivity,
and clinical performance. Annu Rev Pharmacol Toxicol 2013;53:
161-85.

Cancer Res; 73(19) October 1, 2013

Cancer Research

Downloaded from cancerres.aacrjournals.org on July 19, 2018. © 2013 American Association for Cancer Research.


http://cancerres.aacrjournals.org/

Published OnlineFirst August 14, 2013; DOI: 10.1158/0008-5472.CAN-12-4358

AAC_R American Association
for Cancer Research

Cancer Research

The Journal of Cancer Research (1916-1930) | The American Journal of Cancer (1931-1940)

Indirubin Derivative 6BIO Suppresses Metastasis

Simone Braig, Christine A. Kressirer, Johanna Liebl, et al.

Cancer Res 2013;73:6004-6012. Published OnlineFirst August 14, 2013.

Updated version

Supplementary
Material

Access the most recent version of this article at:
doi:10.1158/0008-5472.CAN-12-4358

Access the most recent supplemental material at:
http://cancerres.aacrjournals.org/content/suppl/2013/08/13/0008-5472.CAN-12-4358.DC1

Cited articles

Citing articles

This article cites 46 articles, 12 of which you can access for free at:
http://cancerres.aacrjournals.org/content/73/19/6004.full#ref-list-1

This article has been cited by 1 HighWire-hosted articles. Access the articles at:
http://cancerres.aacrjournals.org/content/73/19/6004.full#related-urls

E-mail alerts

Reprints and
Subscriptions

Permissions

Sign up to receive free email-alerts related to this article or journal.

To order reprints of this article or to subscribe to the journal, contact the AACR Publications Department at
pubs@aacr.org.

To request permission to re-use all or part of this article, use this link
http://cancerres.aacrjournals.org/content/73/19/6004.

Click on "Request Permissions" which will take you to the Copyright Clearance Center's (CCC)
Rightslink site.

Downloaded from cancerres.aacrjournals.org on July 19, 2018. © 2013 American Association for Cancer Research.


http://cancerres.aacrjournals.org/lookup/doi/10.1158/0008-5472.CAN-12-4358
http://cancerres.aacrjournals.org/content/suppl/2013/08/13/0008-5472.CAN-12-4358.DC1
http://cancerres.aacrjournals.org/content/73/19/6004.full#ref-list-1
http://cancerres.aacrjournals.org/content/73/19/6004.full#related-urls
http://cancerres.aacrjournals.org/cgi/alerts
mailto:pubs@aacr.org
http://cancerres.aacrjournals.org/content/73/19/6004
http://cancerres.aacrjournals.org/

