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Indirubin is the major active anti-tumor component of a traditional Chinese herbal medi-
cine used for treatment of chronic myelogenous leukemia (CML). While previous studies
indicate that indirubin is a promising therapeutic agent for CML, the molecular mechanism
of action of indirubin is not fully understood. We report here that indirubin derivatives
(IRDs) potently inhibit Signal Transducer and Activator of Transcription 5 (Stat5) protein
in CML cells. Compound E804, which is the most potent in this series of IRDs, blocked
Stat5 signaling in human K562 CML cells, imatinib-resistant human KCL-22 CML cells ex-
pressing the T3151 mutant Bcr-Abl (KCL-22M), and CD34-positive primary CML cells from
patients. Autophosphorylation of Src family kinases (SFKs) was strongly inhibited in
K562 and KCL-22M cells at 5 pM E804, and in primary CML cells at 10 uM E804, although
higher concentrations partially inhibited autophosphorylation of Ber-Abl. Previous studies
indicate that SFKs cooperate with Bcr-Abl to activate downstream Stat5 signaling. Activa-
tion of Stat5 was strongly blocked by E804 in CML cells. E804 down-regulated expression of
Stat5 target proteins Bcl-x;, and Mcl-1, associated with induction of apoptosis. In sum, our
findings identify IRDs as potent inhibitors of the SFK/Stat5 signaling pathway downstream
of Bcr-Abl, leading to apoptosis of K562, KCL-22M and primary CML cells. IRDs represent
a promising structural class for development of new therapeutics for wild type or T315I
mutant Ber-Abl-positive CML patients.
© 2012 Federation of European Biochemical Societies.
Published by Elsevier B.V. All rights reserved.
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1. Introduction

Signal Transducer and Activator of Transcription (STAT) pro-
teins have essential functions in normal cytokine signaling
and are frequently constitutively activated in human tumor
cells (Yu and Jove, 2004). STATs have key roles in regulating
cell proliferation, survival, angiogenesis and immune function
(Parsons and Parsons, 2004; Yu et al., 2009). One of seven dif-
ferent STAT family members, Stat5, is constitutively activated
by non-receptor tyrosine kinases (Herrington et al., 2000;
Huang et al, 2002; Klejman et al., 2002; Nieborowska-
Skorska et al., 1999; Yu and Jove, 2004). Bcr-Abl, an oncogenic
non-receptor tyrosine kinase activated in CML, induces per-
sistent tyrosyl phosphorylation of Stat5 (Bromberg et al.,
1999; Nelson et al., 2006; Quintas-Cardama et al., 2007; Shah
et al,, 2004; Yu and Jove, 2004). Bcr-Abl kinase cooperates
with Src family kinases (SFKs) to activate Stat5 in CML cell
transformation (Klejman et al., 2002; Wilson et al., 2002).
SFKs, also non-receptor tyrosine kinases, phosphorylate criti-
cal cellular substrates such STAT family members, including
Stat5, thereby regulating oncogenic signaling pathways
(Bromann et al., 2004; Parsons and Parsons, 2004; Silva, 2004;
Yu and Jove, 2004). In particular, the SFKs, Lyn and Hck,
have been shown to cooperate with Ber-Abl to activate Stat5
signaling in CML cells (Klejman et al., 2002; Lionberger et al.,
2000; Wilson et al., 2002).

STAT signaling is currently being investigated as a new
molecular target pathway for human cancer treatment (Yu
and Jove, 2004; Yu et al., 2009). In Stat5 signaling, two phos-
phorylated Stat monomers dimerize through reciprocal
phosphotyrosyl-SH2 domain interactions (Bromberg et al.,
1999; Yu and Jove, 2004). The phosphorylated Stat5 dimers
then translocate to the nucleus and bind to the promoters of
specific Stat5 responsive genes (Bromberg et al., 1999; Nelson
et al., 2006; Yu and Jove, 2004). Persistent activation of Stat5
has a critical role in cell growth and survival in human hema-
topoietic malignancies (Carlesso et al., 1996; Yu and Jove,
2004). Constitutively-activated Stat5 up-regulates the expres-
sion of anti-apoptotic genes encoding Mcl-1 and Bcl-x; pro-
teins in human CML cells (Gesbert and Griffin, 2000; Horita
et al., 2000; Nelson et al., 2006; Yu and Jove, 2004). In contrast,
blockade of Stat5 signaling down-regulates these downstream
target genes of Stat5, associated with induction of apoptosis in
CML cells (Horita et al., 2000; Shah et al., 2004; Yu and Jove,
2004).

Indirubin is the major active anti-tumor ingredient of a tra-
ditional Chinese herbal medicine, Danggui Longhui Wan,
which is a mixture of 11 herbal ingredients and used for
CML treatment (Xiao et al., 2002). IRDs were shown to inhibit
CDK1/cyclin B, CDK2/cyclinA, CDK2/cycling E, GSK 3B and
CDK5/p25, leading to cell growth inhibition in human cancer
cells (Hoessel et al, 1999; Marko et al, 2001,
Vougogiannopoulou et al., 2008). IRDs also inhibit phosphory-
lation of Stat5 in acute myeloid leukemia cells (Zhou et al.,
2009). Recently, we demonstrated that IRDs blocked constitu-
tive Stat3 signaling in epithelial tumor cells such as breast and
prostate cancer (Nam et al., 2005a). Previously, clinical studies
indicated that indirubin is a promising anticancer therapeutic
agent for CML treatment, showing low toxicity (Eisenbrand

et al., 2004). However, the mechanism of action of IRDs in
CML remains largely unknown. In this study, we report that
IRDs inhibit SFK/Stat5 signaling, accompanied by induction
of apoptosis in K562, imatinib-resistant KCL-22M and CD34-
positive primary CML cells. These findings indicate that IRDs
induce apoptosis, involving inhibition of SFK/Stat5 signaling
downstream of Bcr-Abl, and are potential anticancer thera-
peutic agents for wild type or T315I mutant Becr-Abl-positive
CML patients.

2. Materials and methods
2.1. Cell lines and reagents

Human K562 CML cells were obtained from the American
Type Culture Collection (ATCC). Cells were cultured in RPMI-
1640 media containing 10% fetal bovine serum (FBS).
Imatinib-resistant human KCL-22 CML cells expressing the
T315I mutant Ber-Abl (KCL-22M) were derived from human
KCL-22 CML cells (Yuan et al.,, 2010). Cells were grown in
RPMI 1640 media supplemented with 10% FBS. For primary
CML cells, peripheral blood samples were obtained from
newly diagnosed CML patients in chronic phase of the disease.
Patient specimens were obtained with patient informed con-
sent following an IRD approved protocol. CD34-positive pro-
genitors were isolated from patient specimens. Briefly,
Mononuclear cells (MNCs) were isolated by Ficoll-Hypaque
(Sigma Diagnostics, St. Louis, MO) density gradient centrifuga-
tion (specific gravity, 1.077) for 30 min at 400 x g. CD34-
positive cells were selected by means of immunomagnetic
column separation (Miltenyi Biotech, Auburn, CA) following
the supplier’s instructions. Monoclonal antibodies to Abl pro-
tein and phospho-tyrosine (p-Y) were obtained from BD Bio-
sciences (San Diego, CA). Polyclonal antibodies to p-Stat5
(Y694) and p-Src family (Y419) were obtained from Cell Signal-
ing Technologies (Cambridge, MA). Polyclonal antibodies to
Stat5, Bcl-xp, Mcl-1, p-Hck, Hck, Lyn and B-actin were from
Santa Cruz Biotechnology (Santa Cruz, CA). Monoclonal anti-
body to Src was obtained from Millipore (Billerica, MA).

2.2. Immunoprecipitation and Western blot analyses

Immunoprecipitations and Western analyses were performed
as described previously with minor modification (Nam et al.,
2005b). Briefly, K562, KCL-22M and CD34-positive primary
CML cells were treated with IRDs. Cell lysates (500 pg) were in-
cubated with Abl and Lyn antibodies for 1 h at 4 °C followed by
protein A/G-agarose beads (Pierce, Rockford, IL). Immunopre-
cipitates or whole-cell lysates were resolved by SDS-PAGE and
immunoblotted with specific antibodies. Primary phospho-
specific antibodies were incubated in TBS (pH 7.5) with 0.1%
Tween-20 and 5% BSA with gentle agitation overnight at
4 °C. Horseradish peroxidase-conjugated secondary anti-
bodies were incubated in TBS (pH 7.5) with 5% nonfat milk
and 0.1% Tween-20 at a 1:2000 dilution for 1 h at room temper-
ature. Positive immuno-reactive proteins were detected using
the ECL system (Pierce, Rockford, IL).
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2.3.

Electrophoretic mobility shift assay (EMSA)

EMSAs were performed as described in detail previously
(Huang et al., 2002; Nam et al., 2007). To assess Stat5 DNA-
binding activity, 8 pg of nuclear protein extract was incubated
with 3?P-radiolabeled oligonucleotide probe containing the
MGFe (mammary gland factor element), derived from the bo-
vine B-casein gene promoter (5'-AGATTTCTAGGAATTCAA-3')
(Huang et al., 2002). For supershifts, 1 ul of antibody to Stat5
was preincubated with nuclear extract for 30 min prior to ad-
dition of the *?P-labeled MGFe probe. Resolution of protein-
DNA complexes was performed by 5% non-denaturing PAGE

and detected by autoradiography.

2.4.  Viability and apoptosis assays

MTS assays were performed for cell viability as described by
the supplier (Promega, Madison, WI). K562 CML cells were
seeded in 96-well plates (10,000/well), incubated overnight at
37 °C in 5% CO,, and exposed to E804 for the indicated times.
Dimethyl sulfoxide (DMSO) was used as the vehicle control.
Viable cell numbers were determined by tetrazolium conver-
sion to its formazan dye and absorbance was measured at
490 nm using an automated ELISA plate reader.

Apoptosis assays based on loss of membrane integrity
were carried out using Annexin V-FITC as described by the
supplier (BD Biosciences PharMingen, San Diego, CA). For ap-
optosis of CD34-positive primary CML, cells were cultured in
the presence or in the absence of E804 or imatinib at the indi-
cated concentrations at 37 °Cin a humidified atmosphere with
5% CO, in serum-free medium (SFEM) (Stem Cell Technolo-
gies, Vancouver, BC, Canada) supplemented with growth fac-
tors (GFs) at concentrations similar to that found in stroma-
conditioned medium from long-term bone marrow cultures
(200 pg/mL granulocyte-macrophage colony-stimulating fac-
tor [GM-CSF]; 1 ng/mL G-CSF; 200 pg/mL stem cell factor
[SCF]; 50 pg/mL leukemia inhibitory factor [LIF]; 200 pg/mL
macrophage-inflammatory protein-la [MIP-1¢]; and 1 ng/mL
interleukin 6 [IL6]).

Cells were harvested after 48 h and assayed in proliferation
and apoptosis assays. Cells were analyzed using a FACScan
flow cytometer to quantify fluorescence. Briefly, CD34-
positive progenitor cells were labeled with 5- and 6-
carboxyfluorescein diacetate succinimidyl ester (CFSE) (Mo-
lecular Probes, Eugene, OR) as described previously (Holtz
et al,, 2002). CFSE labeled cells were cultured for 48 h in the
presence or absence of inhibitors. At the end of the culture pe-
riod, the cells were labeled with Annexin V-PE (BD Pharmin-
gen, San Diego, CA, USA). Cell division was analyzed on the
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Figure 1 — IRDs inhibit Stat5 DNA-binding activity in K562 CML cells. A. Structures of IRDs. B. K562 CML cells were treated with DMSO or
10 pM IRDs for 24 h. Nuclear extracts were incubated with radiolabeled MGFe probe and Stat5 DNA-binding activities were determined with
EMSA analysis as described in Materials and Methods. Supershift was performed with antibody to Stat5 as indicated. The electrophoretic gel

mobilities of Stat5:Stat5 homodimers bound to DNA probe and supershift of Stat5 complexes are indicated by arrows.
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basis of CFSE fluorescence measured by flow cytometry
(FACScalibur, Becton Dickinson, San Jose, CA). The percentage
of cells in different generations was enumerated and a prolif-
eration index was generated using ModFit software (Verity,
Topsham, ME). Apoptotic cells were defined as Annexin V-PE
positive.

3. Results
3.1. IRDs inhibit Stat5 activity

Bcr-Abl/SFK signaling constitutively activates Stat5, which
has a key role in cell proliferation, apoptosis, tumorigenesis
and metastasis in CML cells (Benekli et al., 2003; Haura et al.,
2005; Yu and Jove, 2004). To determine whether IRDs inhibit
Stat5 DNA-binding activity in Bcr-Abl positive human K562
CML cells, cells were treated with 10 uM IRDs for 24 h and
EMSA was performed with nuclear extracts. Compounds
E728, E804 and E806 potently reduced Stat5 DNA-binding ac-
tivity (Figure 1). In particular, E804, which contains a 2,3-
dihydroxypropyl substituent at the R, position, demonstrated
the strongest activity against Stat5 DNA-binding (Figure 1).
Thus, E804 was chosen for further characterization on K562,
imatinib-resistant KCL-22M and CD34-positive primary CML
cells.

3.2. E804 reduces levels of p-Stat5 and inhibits Stat5
DNA-binding activity

Western blot analysis with specific antibodies to p-Stat5 was
performed to evaluate the effects of E804 on phosphorylation
of Stat5 in K562, KCL-22M and CD34-positive primary CML
cells. Cells were treated with E804 in a dose-dependent man-
ner for 4 h and Western blot analysis was performed using
whole-cell lysates. E804 substantially inhibited tyrosyl phos-
phorylation of Stat5 at 5 uM, whereas total Stat5 levels were
unchanged (Figure 2A top and middle panels). Time course
studies indicate that the levels of p-Stat5 were dramatically
reduced as early as 30 min after treatment with 10 uM E804
in CML cells, whereas total Stat5 protein levels remained un-
changed (Figure 2B top panel).

Consistent with the reduction of p-Stat5, E804 blocked
Stat5 DNA-binding activity in a dose- or time-dependent man-
ner (Figure 2A bottom and 2B bottom panels). These observa-
tions indicate that IRDs inhibit tyrosyl phosphorylation of
Stat5, followed by blockade of Stat5 DNA-binding activity in
human K562, KCL-22M and primary CML cells. In our previous
study, we demonstrated that IRDs inhibit Src/Stat3 signaling
(Nam et al., 2005a), associated with induction of apoptosis in
solid tumor cells. Similarly, these results suggest that IRDs
could directly target upstream kinases such as Bcr-Abl and/
or SFKs, which constitutively activate Stat5 via tyrosyl phos-
phorylation of Stat5 at Y694 in chronic leukemias.

3.3. E804 inhibits tyrosyl phosphorylation of Src and
SFKs

Stat5 is often constitutively activated in hematopoietic can-
cers by non-receptor tyrosine kinases such as Bcr-Abl and

SFKs (Klejman et al., 2002; Silva, 2004; Yu and Jove, 2004). Over-
expression of Lyn, one of the SFKs, is involved in resistance to
Imatinib in CML cells (Donato et al., 2003; Konig et al., 2008;
Wu et al., 2008). We previously reported that E804 targets Src
kinase activity with ICso = 0.43 pM in vitro (Nam et al,
2005a). To examine the effects of E804 on autophosphoryla-
tion of Src and SFKs in K562, KCL-22M and primary patient
CML cells, Western blot analysis and immunoprecipitation
were performed with specific antibodies to p-SFK, Src, p-Lyn,
Lyn, p-Hck and Hck. E804 caused strong reduction of auto-
phosphorylation of Src or SFKs at 5 uM in K562 and KCL-22M
CML cells (Figure 3A, B and C), and at 10 pM in primary patient
CML cells (Figure 3D).

3.4.  Effect of E804 on Abl kinase activity and levels of
p-Ber-Abl

To determine whether E804 directly inhibits Abl kinase activ-
ity, kinase assays in vitro were performed with active recombi-
nant Abl protein. E804 showed an inhibitory activity against
Abl kinase with an ICsp = 8.7 uM (Supplementary Figure 1).
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Figure 2 — E804 reduces levels of p-Stat5 (Y694) and inhibits Stat5
DNA-binding activity in CML cells. A. K562, KCL-22M and CD34-
positive primary CML cells were treated with E804 in a dose-
dependent manner for 4 h. Whole-cell lysates were immunoblotted
with specific antibodies to p-Stat5 (Y694) and total Stat5 (top and
middle panels). For EMSA analysis (bottom panel), nuclear extracts
from CML cells treated with E804 were prepared as in Figure 1. B.
K562 CML cells were treated with 10 pM of E804 in a time-
dependent manner. Whole-cell lysates were immunoblotted with
specific antibodies to p-Stat5 (Y694) and total Stat5 (top panel).
EMSA analysis was conducted as in Figure 1B (bottom panel).
Supershift was done with antibody to Stat5 as indicated.
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Figure 3 — Effect of E804 on tyrosyl phosphorylation of Src and SFKs
in K562, KCL-22M and primary CML cells. A. K562 CML cells were
treated with E804 in a dose-dependent manner for 4 h. Whole-cell

lysates were immunoblotted with specific antibodies to p-Src family

10 20 uM

(Y419) and Src. B. For Lyn immunoprecitation, cell lysates (500 pg)
were incubated with specific antibody to Lyn. Samples were
immunoblotted with p-Src family antibody (Y419), which cross-reacts
with p-Lyn (Y396). Whole-cell lysates were immunoblotted with
specific antibodies to p-Hck and Hck. C. KCL-22M cells were treated
with E804 in a dose-dependent manner for 4 h. Whole-cell lysates
were immunoblotted with specific antibodies to p-Src family (Y419)
and Src. D. CD34-positive primary CML cells were treated with
E804 in a dose-dependent manner for 4 h. Western blot was
performed with specific antibodies to p-Src family (Y419) and Src.

Next, to address whether E804 inhibits tyrosyl phosphoryla-
tion of endogenous Ber-Abl in K562 human CML cells, immu-
noprecipitation of Bcr-Abl was performed using lysates from
K562 cells treated with E804 in a dose-dependent manner for
4h.Indeed, E804 reduced levels of p-Bcr-Abl at concentrations
higher than 10—20 uM in cells (Figure 4). Indirubins are known
to be ATP competitors and bind to the ATP binding pocket in
the catalytic domain of CDKs (Hoessel et al., 1999). Likewise,
the inhibitory activity E804 might result from ATP-
competitive binding into the Bcr-Abl kinase binding pocket
in CML cells.

0 1 5 10 20 um

WB: anti-pTyr w-mm Ber-Abl (K562)
1P: anti-Abl S P45 c-Abl

WEB: anti-Ab| | S ——— - <145 C-Abl

Figure 4 — Effect of E804 on tyrosyl phosphorylation of Ber-Abl. For
Ber-Abl immunoprecipitation, whole-cell lysates (500 pg) were
incubated with antibody to Abl at 4 °C. Immunoprecipitates were
resolved by SDS-PAGE and immunoblotted with specific antibodies
to phospho-tyrosine (p-Y) and Abl.

3.5. E804 down-regulates Mcl-1 and Bcl-x;,

Inhibition of Stat5 signaling down-regulates expression of
Stat5 downstream gene products such as anti-apoptotic pro-
teins Mcl-1 and Bcl-x;, (Horita et al., 2000; Shah et al., 2004;
Yu and Jove, 2004). To determine the effects of E804 on
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Figure 5 — E804 down-regulates anti-apoptotic Mcl-1 and Bel-x,
proteins, associated with reduction of cell viability and induction of
apoptosis in K562 CML cells. A. K562 CML cells were treated with
E804 in a dose-dependent manner for 48 h. Whole-cell lysates were
immunoblotted with specific antibodies to Mcl-1, Bcl-xi, and B-
Actin. B. K562 CML cells were treated with E804 in a dose- or time-
dependent manner. Cell viability was determined using MT'S assays
as described in Materials and Methods. Each experiment was
petformed in quadruplicate. Data are mean + SD. C and D. E804
induces apoptosis. Human K562 (C) and KCL-22M (D) CML cells
were treated with E804 in a dose-dependent manner for 48 h. To
determine induction of apoptosis, Annexin V-FITC staining was used
as an early marker of apoptosis. Each experiment was performed in
quadruplicate. Data are mean + SD.
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anti-apoptotic proteins such as Mcl-1 and Bcl-x;, CML cells
were treated with E804 in a dose-dependent manner for 48 h
and whole-cell lysates were used for Western blot analysis.
Consistent with down-regulation of p-Stat5 and inhibition of
Stat5 DNA-binding activity (Figure 2), expression of the anti-
apoptotic proteins Mcl-1 and Bcl-x; was reduced at 5 pM
(Figure 5A). In addition, down-regulation of these anti-
apoptotic proteins correlates with inhibition of p-Src and p-
SFKs as shown in Figure 3, associated with induction apopto-
sis by IRDs in CML cells (Figure 5C).

3.6. E804 induces apoptosis of K562, KCL-22M and
CD34-positive primary CML cells

IRDs inhibited constitutive activation of Stat5, followed by
down-regulation of survival proteins such as Mcl-1 and Bcl-
%1, in CML cells (Figures 1,2 and Figure 5A). To assess the bio-
logical effects of E804 on K562, KCL-22M and primary CML

cells, MTS cell viability assays and apoptotic assays with
Annexin V were performed. E804 reduced cell viability in
a dose- and time-dependent manner (Figure 5B). In addition,
E804 induced apoptosis in a dose-dependent manner 48 h af-
ter treatment in K562 (Figure 5C) and primary CML cells
(Figure 6). In particular, E804 induced apoptosis of imatinib-
resistant KCL-22M cells in the range of 1 uM—5 uM concentra-
tion (Figure 5D), while these cells extensively resist over 10 pM
of imatinib (Yuan et al., 2010). These biological consequences
of E804 treatment correlate well with inhibition of the SFK/
Stat5 signaling pathway.

4. Discussion

Many structurally related series of IRDs are poorly water-
soluble and display low bioavailability in cells (Hoessel et al.,
1999). Therefore, IRDs that contain hydrophilic substituents
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Figure 6 — E804 induces apoptosis in primary CML cells. CD34-positive primary CML cells were treated with E804 or Imatinib in a dose-
dependent manner for 48 h. Cells were labeled with Annexin V-PE. Cells were analyzed using a FACScan flow cytometer to quantify fluorescence.

Apoptotic cells were defined as Annexin V-PE positive.
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at the 3’-oxime or the 5 position, including hydroxyalkyl,
sugar, aminopolyol, or substituted glycine amide groups
were synthesized to enhance bioavailability (Figure 1A). In
a previous study, several synthetic IRDs showed potent anti-
tumor activities, blocking constitutive Stat3 signaling in hu-
man solid tumor cell lines (Nam et al., 2005a). The best activity
was attributed to IRD compound E804 which contains a 2,3-
dihydroxypropyl substituent at R; position. In this study,
E804 strongly inhibited Stat5 DNA-binding activity in Bcr-Abl
positive human K562 CML cells. This is in accordance with
its high inhibitory potency against Stat3 signaling found ear-
lier (Nam et al., 2005a). In contrast, unbranched hydroxyalkyl
(E246) or 2-hydroxymethylethoxy (E564) or branched 2-
hydroxy-2-methylpropyl (E565) was less effective. This obser-
vation also applies to compounds with free oxime hydroxyl
groups carrying hydrophilic substituents at the 5 position
(E721, E728).

Considering the influence of 3’-glycine amide-oxime
ether groups showed that the bis(2-hydroxyethyl)-glycine
amide group (E806) conferred higher activity, approaching
that of (E804) compared to its mono- (E805) or unsubstituted
(E567) counterparts. Sterically more crowding hydrophilic
substituents at the 3'-oxime ether position are unfavorable
in connection with 5-substitution by iodine (E692) or
a methoxy group (E729). This also applies to the 3’-aminopo-
lyol oxime ether (E673). The free, otherwise unsubstituted 3'-
oxime (indirubin-3’-oxime) is poorly active. These findings
raise the possibility that inhibition of Stat5 signaling is at
least partially responsible for biological effects of IRDs on
CML cells.

In comparison of both of Src and Abl kinase activities
in vitro, E804 inhibited Abl kinase activity at twenty-fold higher
concentration (Supplementary Figure 1) (Nam et al., 2005a). In
addition, E804 reduced levels of p-Bcr-Abl at higher concentra-
tions in cells (Figure 4). These findings suggest that IRDs in-
hibit SFK/Stat5 signaling more strongly than Bcr-Abl/Stat5
signaling in CML cells. Recently, one study reported siRNA
knockdown of Lyn induces apoptosis in drug-resistant Bcr-
Abl positive blast cells, but not in normal blood cells, suggest-
ing that Lyn could be a therapeutic target for treatment of
drug-resistant CML blast patients (Ptasznik et al., 2004). Inter-
estingly, E804 down-regulates autophosphorylation of Lyn at
5 uM in CML cells. These effects of E804 could be responsible
for induction of apoptosis, suggesting that E804 and other
IRDs may have potential as therapeutic agents in drug-
resistant CML cells.

Blockade of persistent STATs signaling has been shown to
inhibit tumor cell survival in cell cultures and in vivo (Yu and
Jove, 2004). Constitutively activated Stat5 up-regulates genes
of apoptosis inhibitors such as Mcl-1 and Bcl-x;, associated
with oncogenesis in human CML cells (Buettner et al., 2002;
Yu and Jove, 2004). It was reported that down-regulation of
Mcl-1 by siRNA and antisense oligonucleotides dramatically
reduces cell viability and induces apoptosis in K562 CML cells
(Aichberger et al., 2005). In this study, down-regulation of anti-
apoptotic protein Mcl-1 by IRD suggests that Mcl-1 could be
a molecular therapeutic target for treatment of Bcr-Abl-
dependent CML.

In summary, our findings demonstrate that IRDs inhibit
SFK/Stat5 signaling, associated with induction of apoptosis

on human K562 CML cells, imatinib-resistant human KCL-22
CML cells expressing the T315I mutant Bcr-Abl, and CD34-
positive primary CML cells from patients. IRDs down-
regulate Mcl-1, which is known to be a potential target for
treatment of CML patients. These findings suggest a mecha-
nism of pharmacological action of indirubins in CML cells
that have important implications for CML treatment. In partic-
ular, IRDs represent a promising structural class for develop-
ment of new therapeutics for wild type or T315I mutant Bcr-
Abl-positive CML patients.
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