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Indirubin-3’-Monoxime Blocks Vascular Smooth Muscle
Cell Proliferation by Inhibition of Signal Transducer and
Activator of Transcription 3 Signaling and Reduces
Neointima Formation In Vivo

Andrea V. Schwaiberger, Elke H. Heiss, Muris Cabaravdic, Tina Oberan, Jan Zaujec,
Daniel Schachner, Pavel Uhrin, Atanas G. Atanasov, Johannes M. Breuss,
Bernd R. Binder, Verena M. Dirsch

Objective—Our goal was to examine the influence of indirubin-3’-monoxime (I3MO), a natural product—derived
cyclin-dependent kinase inhibitor, on vascular smooth muscle cell (VSMC) proliferation in vitro, experimentally
induced neointima formation in vivo, and related cell signaling pathways.

Methods and Results—I3MO dose-dependently inhibited platelet-derived growth factor (PDGF)-BB-induced VSMC
proliferation by arresting cells in the G,/G, phase of the cell cycle as assessed by 5-bromo-2'-deoxyuridine
incorporation and flow cytometry. PDGF-induced activation of the kinases Akt, Erk1/2, and p38™***¥ was not affected.
In contrast, I3MO specifically blocked PDGF-, interferon-y-, and thrombin-induced phosphorylation of signal
transducer and activator of transcription 3 (STAT3). Human endothelial cells (EA.hy926) responded to I3MO with
increased endothelial nitric oxide synthase activity as assessed via [14C]L—arginine/[14C]L-citrulline conversion. The
specific STAT3 inhibitor Stattic led to decreased VSMC proliferation, and transient expression of a constitutively active
form of STAT3 overcame the I3MO-induced cell cycle arrest in mouse embryonic fibroblasts. In a murine femoral
artery cuff model, I3MO prevented neointima formation while reducing STAT3 phosphorylation and the amount of

proliferating Ki67-positive cells.

Conclusion—I3MO represses PDGF- and thrombin-induced VSMC proliferation and, in vivo, neointima formation, likely
because it specifically blocks STAT3 signaling. This profile and its positive effect on endothelial NO production turns
I3MO into a promising lead compound to prevent restenosis. (Arterioscler Thromb Vasc Biol. 2010;30:2475-2481.)
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Restenosis is the major factor hampering the beneficial
effect of angioplasty and stenting. Vascular smooth
muscle cell (VSMC) proliferation, next to local vascular
inflammation, is a critical factor in neointima formation and
vascular lumen loss during restenosis. Thus, one current
strategy to maintain proper vascular function after angio-
plasty is to inhibit VSMC proliferation by targeting cell cycle
regulation, eg, by drug-eluting stents.>3 Two products, the
rapamycin-eluting Cypher stent and the paclitaxel-eluting
Taxus stent, were approved by the US Food and Drug
Administration in 2003 and 2004, respectively. Although
successfully introduced into the market, there are now con-
cerns about an increased risk of late stent thrombosis.* Thus,
compounds inhibiting neointima formation with mechanisms
differing from those of rapamycin and paclitaxel®> may have
the potential to be efficient with fewer side effects.

Indirubin, a red isomer of indigo, is the active ingredient of
the traditional Chinese medicinal formulation Danggui Lon-
ghui Wan, used against chronic myelocytic leukemia.®
Enzyme-based in vitro studies have indicated that indirubin
and its derivatives are potent inhibitors of the cyclin-
dependent kinases (CDKs) 1, 2, 4, and 5.-° Furthermore,
different indirubin derivatives showed antitumor activity in
several human cancer cells.6-10-14 Moreover, for indirubin-3’-
monoxime (I3MO), an in vitro antiinflammatory and antican-
cer activity had been described on the basis of the inhibition
of tumor necrosis factor—induced nuclear factor kB activation
and the subsequent suppression of antiapoptotic and propro-
liferative gene expression.!*

The aim of this study was to investigate the potential use of
I3MO in the prevention of restenosis. We therefore analyzed
a possible effect on platelet-derived growth factor (PDGF)—
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BB-stimulated VSMC proliferation and endothelial cell func-
tion in vitro and examined the influence of I3MO on
neointima formation in vivo. We then focused on the signal-
ing pathways that are affected by 13MO.

Methods

An expanded Methods section can be found in the Supplemental
Data, available online at http://atvb.ahajournals.org.

Cell Culture

VSMCs were isolated from male Sprague-Dawley rat thoracic aortas
by enzymatic digestion and cultured as described.'> The human
endothelial cell line EA.hy 926 (kindly provided by Dr C.-J. Edgell,
University of North Carolina, Chapel Hill, NC) was cultivated as
described by Leikert et al.'® Mouse embryonic fibroblasts (MEFs)
were grown in DMEM supplemented with 10% FCS and
penicillin/streptomycin.

Cell Proliferation Assay

For 5-bromo-2’-deoxyuridine (BrdU) incorporation, quiescent cells
were incubated with I3MO (1 to 5 wmol/L; kindly provided by
Laurent Meijer, Roscoff, France, or by Calbiochem); Stattic, a small
molecule selectively inhibiting the function of the signal transducer
and activator of transcription 3 (STAT3) SH2 domain (3 to
10 wmol/L; Sigma-Aldrich); or vehicle (1% dimethyl sulfoxide
[DMSO]) 30 minutes before stimulation with PDGF-BB (20 ng/mL)
or thrombin (0.5 U/mL; Calbiochem). BrdU was added 1 hour later,
and its incorporation was determined 23 hours after addition of the
respective stimulus, according to the manufacturer’s instructions
(Roche Diagnostics).

Cell Cycle Analysis

Quiescent cells were preincubated with I3MO (3 or 5 wmol/L) or
vehicle (1% DMSO) for 30 minutes. PDGF-BB (20 ng/mL) was
added, and 16 hours (in the case of VSMCs) or 11 hours (in the case
of MEFs) later, cells were harvested and the cell cycle was analyzed
as described.!”

[**C]L-Arginine/[**C]L-Citrulline Conversion Assay
Citrulline is produced from arginine by endothelial nitric oxide
synthase (eNOS) in equimolar amounts to NO and can thus serve as
a surrogate marker of NO production. The assay was performed as
previously described.'®

Femoral Artery Cuff Model

Male C57B1/6 mice at 8 to 12 weeks of age were subjected to cuffing
of the femoral artery. The surgical procedure was performed as
described previously.!® Briefly, mice were anesthetized by intraperi-
toneal injection of ketamine (100 mg/kg) and xylazine (10 mg/kg), a
longitudinal incision was made at the internal side of the right leg,
and the right femoral artery of mice was dissected for 3 mm length
from its surroundings (femoral nerve and femoral vein). A noncon-
strictive polyethylene cuff (PE-50; inner diameter, 0.58 mm; outer
diameter, 0.965 mm; length, 2 mm; Becton-Dickinson) was cut
longitudinally, placed loosely around the right femoral artery, and
filled with F-127 pluronic gel (Sigma-Aldrich) containing 13MO.
This gel was prepared in advance by mixing 760 uL of cold 40%
(wt/vol) F-127 pluronic gel dissolved in sterile water with 40 uL of
100 mmol/L I3MO dissolved in DMSO. Cuffs filled with F-127
pluronic gel but lacking I3MO were used in control animals. The
cuff was then closed up with 2 6-0 ligature knots (USP: 6-0, Metric:
0.7, Ethicon Vicryl, Johnson & Johnson International). The skin
incision was then closed with 3 sutures (USP: 6-0, Metric: 0.7,
Ethicon Vicryl, Johnson & Johnson Intl.). Three, 7, 14, or 28 days
after placing of the cuffs, mice were anesthetized and subsequently
perfused by cardiac puncture with EDTA-PBS (1.75 mg/mL). After
perfusion, a 2-cm longitudinal incision was made in the internal side
of the leg, and the cuffed femoral artery was removed and embedded
for cryo-sectioning. Animal care and all experimental procedures
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were approved by the Animal Experimental Committee of the
Medical University of Vienna and by the Austrian Ministry of
Science (license no. 1321/115 and 66.009/0103-C/G1/2007).

Immunocytochemistry

Frozen sections of 5 to 7 wm thickness were fixed with precooled
acetone at —20°C for 2 min and blocked with 5% normal goat serum
in Primary Antibody Dilution Buffer (DAKO) for 1 hour. For
quantification of VSMCs, the monoclonal (clonelA4) anti-smooth
muscle actin antibody conjugated to either fluorescein isothiocyanate
or Cy3 (Sigma-Aldrich) was applied for 12 hours at 4°C. For
detection of phospho-STAT3, sections were pretreated with periodic
acid (4 mg/100 mL), incubated overnight at 4°C with the rabbit
monoclonal antibody D3A7 (Cell Signaling Technology, Danvers,
Mass), washed, incubated for 1 hour at room temperature with Power
Vision polymer (Immunologic, Duiven, the Netherlands), and sub-
sequently developed with DAB/H,0,. For Ki-67, the rabbit mono-
clonal antibody clone SP6 (Thermo Scientific, Fremont, Calif) was
applied overnight at 4°C followed by the Alexa 488—labeled goat
anti-rabbit antibody (Invitrogen) applied for 1 hour at room temper-
ature. After counterstaining with 4',6-diamidino-2-phenylindole
(Sigma-Aldrich) for 10 minutes, the samples were mounted using
Geltol (Thermo-Shandon) and visualized on an Olympus AX70
microscope (Olympus Europe GmbH). Digital images were recorded
using either an F-View II or a ColorView III camera and morpho-
metrically assessed using the software package AnalySiS Pro (Soft
Imaging System).

SDS-PAGE and Immunoblotting

Serum-starved VSMCs were preincubated with I3MO (0.1 to
5 pmol/L), wortmannin, U0126, SU6656, or AG490 at the indicated
concentrations or vehicle (1% DMSO) for 30 minutes and then
stimulated with PDGF-BB (20 ng/mL), interferon (IFN)-y (20
ng/mL), or thrombin (0.5 U/mL) for the indicated times. Protein
isolation and immunoblotting were performed essentially as de-
scribed by Haider et al'” All antibodies used were from New England
BioLabs with the exception of anti-a-tubulin (Santa Cruz Biotech-
nology Inc) and a horseradish peroxidase-conjugated goat anti-
mouse secondary antibody (Upstate). Proteins were visualized using
the ECL reagent and an LAS-3000 luminescent image analyzer
(Fujifilm) with AIDA software (Raytest).

Transient Transfection

Expression vectors (1 ug), ie, Stat3 Flag pRc/CMV (Addgene
plasmid 8707) encoding the wild-type or Stat3-C Flag pRc/CMV
(Addgene plasmid 8722) encoding the constitutively active form of
STAT3,!920 were used for transfection of MEFs grown in 6-well
plates using Fugene HD (Roche Diagnostics) as a transfection
reagent and following the manufacturer’s instructions.

Statistical Analysis

Statistical analysis was performed by ¢ test or 1-way ANOVA
followed by a Dunnett multiple comparison test. The number of
experiments is given in the figure legends, and a probability value
<0.05 was considered significant. All tests were performed using
GraphPad PRISM software, version 4.03.

Results

I3MO Inhibits PDGF-BB-Induced VSMC
Proliferation by Arresting Cells in G,/G, Phase
and Does Not Impair Endothelial Function

First, we tested I3MO for its antiproliferative activity in
PDGF-activated VSMCs. Measurement of DNA synthesis via
BrdU incorporation showed that PDGF-BB (20 ng/mL, 23
hours) increased DNA synthesis ~3-fold and that I3MO
inhibited cell proliferation dose-dependently (Figure 1A).
I3MO (3 or 5 umol/L)-treated cells showed no signs of
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Figure 1. ISMO suppresses PDGF-BB-
induced VSMC proliferation by arresting
cells in Go/G; phase and elevates eNOS
enzymatic activity in endothelial cells. A,
Serum-starved VSMCs were incubated
with I3MO (1 to 3 umol/L) or vehicle (1%
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the incorporation was measured 23 hours
after addition of PDGF-BB. B, Quiescent
VSMCs were incubated with I3MO (3 or
5 umol/L) or vehicle 30 minutes before
stimulation with PDGF-BB (20 ng/mL) for
16 hours. Nuclei were stained by pro-
pidium iodide and analyzed by flow
cytometry. A and B, data show the

* mean+SEM; n=3; **P<0.01, *P<0.05
=T versus PDGF-BB treatment (ANOVA/Dun-
nett). C, After pretreatment of VSMCs
with IBMO (3 umol/L) or vehicle for 30
minutes, cells were stimulated with
PDGF-BB (20 ng/mL) for the indicated
times. Hyperphosphorylated Rb was
detected by Western blot analysis using
a phosphospecific antibody for the S807/

G,/M 593 £ 491+ 362+
0.35 0.85 0.51

vehicle 13MO Asc

811 residue; tubulin was used as loading
control. One representative immunoblot
out of 3 experiments is shown. D,

EA.hy926 cells were treated with IBMO (3 umol/L), vehicle (0.1% DMSO), or the positive control ascorbic acid (Asc, 100 umol/L) for 24
hours. eNOS enzyme activity was determined by the [**C]L-arginine/['*C]L-citrulline conversion assay. ['*C]L-citrulline production was
normalized to solvent control. Bars represent the mean=SEM of 3 independent experiments performed in quadruplicate. **P<0.01,

*P<0.05 versus vehicle treatment (ANOVA/Dunnett).

apoptosis as measured by the absence of nuclei with a
subdiploid DNA content or nuclear fragmentation (data not
shown). Cell cycle analysis by flow cytometry revealed an
arrest of I3MO (3 or 5 pumol/L)-treated VSMCs in Gy/G,
phase (Figure 1B). To exclude that I3MO causes a DNA
replication block in early S phase, which is difficult to
distinguish from a Gy/G, arrest by flow cytometry, we
arrested cells using the reversible DNA-polymerase inhibitor
aphidicolin (1 wmol/L) in early S phase. Subsequent treat-
ment of released cells (after washout of aphidicolin) with
I3MO did not prevent DNA synthesis, as shown by newly
incorporated BrdU (Supplemental Figure I). Hyperphosphor-
ylation of the retinoblastoma protein (Rb), an important
regulator at the G,/S phase transition, is required for S phase
entry.2! As expected, stimulation of VSMCs with PDGF-BB
alone led to a time-dependent increase in phosphorylation of
Rb on S807/811, first detectable after 6 hours. Cells treated
with I3MO kept Rb in a hypophosphorylated state (Figure
1C), again confirming cell cycle arrest in Gy/G, phase.

eNOS represents an enzyme crucial for antiatherosclerotic
endothelial function?? and for NO-dependent inhibition of
VSMC proliferation.?*2# To exclude a negative effect of
I3MO on endothelial function as judged by eNOS activity,
human endothelial EA.hy926 cells were exposed to I3MO
(3 wmol/L) or, as a positive control, to ascorbic acid
(100 wmol/L) for 24 hours, and L-citrulline production was
measured. Most interestingly, I3MO slightly but significantly
increased eNOS activity to ~1.3-fold (Figure 1D). Moreover,
I3MO had no negative influence on endothelial cell viability
(Supplemental Figure II).

I3MO Prevents Neointima Formation in a Mouse
Femoral Artery Cuff Model

Next, we examined whether I3MO reduces neointima forma-
tion in vivo. The femoral artery cuff model has been used
previously to study the process of restenosis in mice.?52¢ To
examine the effect of locally applied I3MO on cuff-induced
stenosis of an artery, we dissolved the substance in F-127
pluronic gel and placed the gel into the cuff surrounding the
femoral artery. Twenty-eight days after placing the cuff, we
observed an inhibitory effect of I3MO on cuff-induced
neointima formation. As depicted in Figure 2A, 2B, and 2D,
I3MO was capable of attenuating the development of a
neointima significantly without affecting the thickness of the
media. In consequence, the neointima/media ratio was signif-
icantly reduced by more than 50% (Figure 2C).

I3MO Suppresses Activation of STAT3 but Not of

Mitogen-Activated Protein Kinases and Akt

We then analyzed the molecular mediators of the antiprolif-
erative activity of I3MO in VSMCs. In the presence of calf
serum (10%), no significant inhibition of cell proliferation
was observed in response to 1 to 10 wmol/L I3MO (data not
shown). This indicates that I3MO at concentrations below
10 pmol/L does not block cell cycle entry via a direct
inhibition of CDKs but rather interferes with a step further
upstream in the mitogenic response to PDGF.

The kinase Akt and the mitogen-activated protein kinases
Erk1/2 or p38MAPK are critically involved in VSMC prolif-
eration.?” As shown in Figure 3A (upper panel), I3MO (3 or
5 pmol/L) failed to reduce PDGF-induced phosphorylation of
any of these kinases, whereas the phosphatidylinositol
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Neointima/Media

Figure 2. I3MO inhibits neointima forma-
tion in vivo. A nonconstrictive polyethyl-
ene cuff filled with F-127 pluronic gel
containing I3MO or vehicle (control) was
placed loosely around the right femoral
artery of mice. A to C, Quantitative ana-
lysis of the neointima cross-sectional

area (A), the media cross-sectional area

I3MO (B), and the neointima to media cross-

Area (Um?2) Area (Um?) Cross-Sectional Ratio
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3-kinase inhibitor wortmannin and the MEKI1/2 inhibitor
U0126 inhibited activation of Akt and Erkl1/2, respectively.
Neither treatment with PDGF-BB nor treatment with I3MO
changed the total protein levels of Akt, Erk1/2, or p38MAFK,
On ligand binding, tyrosine phosphorylation of the PDGF
receptor was only moderately impaired by I3MO (Supple-
mental Figure III). These data exclude the intrinsic tyrosine
kinase of PDGF receptor as the main and immediate target of
I13MO.

Signal transducer and activator of transcription 3 (STAT3)
is thought to participate in PDGF-induced cell prolifera-
tion.282° Indeed, stimulation of VSMCs with PDGF-BB (20
ng/mL, 10 minutes) led to a strong phosphorylation of Y705
in STATS3, a critical residue for dimerization of STAT3 and
subsequent translocation into the nucleus. The Src family
kinase inhibitor SU6656 but not the JAK2 inhibitor AG490
was able to abrogate activation of STAT3, indicating a
Src-dependent but JAK2-independent phosphorylation of
STAT3 on PDGEF treatment in VSMCs. Preincubation with
I3MO (3 or 5 wmol/L) completely abolished phosphorylation

sectional ratio (C) at day 28 after cuff
placement. Graphs indicate mean+=SEM;
n=7; *P<0.05 versus vehicle control
(unpaired t test). D, Representative
microscopic photographs of immunohis-
tochemistry staining for smooth muscle
actin in femoral arteries; scale bars,

50 um.

of Y705 (Figure 3A, lower panel). Total amounts of STAT3
were not affected by I3MO.

I3MO Inhibits STAT3 Phosphorylation in a
Dose-Dependent but

Stimulus-Independent Manner

I3MO suppressed PDGF-induced STAT3 phosphorylation
dose-dependently, first observed at a concentration of
0.3 wmol/L (Figure 3B, upper panel) To examine whether
STATS3 inhibition by I3MO is stimulus dependent, we acti-
vated VSMCs with IFN-y (20 ng/mL), a mediator of
proatherogenic processes-3! and known activator of STAT
proteins.3? Treatment with IFN-vy resulted in a clear increase
in phosphorylation of Y705 (Figure 3B, middle panel), which
was inhibited by I3MO in a dose-dependent manner. More-
over, STAT3 phosphorylation induced by thrombin (0.5
U/mL), another potent mitogen in VSMCs,?* was also com-
pletely blunted by I3MO (Figure 3B, lower panel). I3MO
(3 nmol/L) also prevented the translocation of the active,
phosphorylated form of STAT3 into the nucleus (Supplemen-
tal Figure IVA and IVB).

A I3MO I3MO W U Figure 3. I3MO abolishes STAT3 phosphorylation
3 g in a dose-dependent but stimulus-independent
PDGF - + - + - + + + B I3MO S manner without affecting Akt, Erk1/2, or p38MAPK,
0103 1 3 A, Quiescent VSMCs were preincubated with
pAkt [[@8 & e w) —_— either I3MO (3 or 5 umol/L), wortmannin (W, 50
Akt [ e eses e =—===== PDGF - + + + + + + nmol/L), U0126 (U, 10 wmol/L), AG490 (A,
PSTAT3 | -—— | 10 wmol/L), SUB656 (S, 2 uwmol/L), or vehicle
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STATS [ e & s & &
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tubulin [ss= - — |
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starved cells were pretreated with either IBMO as
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indicated or vehicle (1% DMSO) for 30 minutes

and stimulated with PDGF-BB (20 ng/mL), IFN-y
(20 ng/mL) for 10 minutes, or thrombin (Thr, 0.5

I3MO ASAS
5 55 13MO 5
PDGF = k= =k 4 = e e TTHE(MInGQ 28 511015 2 510115
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U/mL) for the indicated periods of time. Western
blot analysis was performed using specific anti-
bodies against phosphorylated (Y705) and unphos-
phorylated STAT3. A and B, Representative immu-
noblots out of 3 experiments are shown; tubulin or
actin was used as loading control.
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Figure 4. STAT3 inhibition is sufficient to
inhibit PDGF- and thrombin-induced
VSMC proliferation and is responsible for
the cell cycle arrest induced by I3MO.

A, Quiescent cells were incubated with
I3MO (3 or 5 pmol/L), Stattic (3, 5, or

10 wmol/L), or vehicle (1% DMSO) 30
minutes before stimulation with

A PDGF-BB  Thrombin
S 41
o ®
® &
87 C
€ o
E‘;gl- 24 o ke
% % 120%
Q@ 4 100%
g
R 80% B
IBMO - -35----35---uM 60%
Stattic- - - - 3510- - - 3510uM
40%
B Ctl  WT- CASTAT3  o0u
FLAG | - 0%
STAT3 || | s |
tubulin || [S— |

-+ _-+ PDGF
DMSO 13MO DMSO 13MO

PDGF-BB (20 ng/mL) or thrombin (0.5
U/mL). One hour later, BrdU (10 pwmol/L)
was added, and BrdU incorporation was

n. measured 23 hours after addition of the
0G2/M stimulus. Bars represent mean
as values*=SEM out of 3 experiments;
**P<0.01 (ANOVA/Dunnett). B, MEFs
BG1 were transiently transfected with expres-

sion vectors for wild-type (WT) FLAG and
FLAG-CA-STATS, respectively, starved,
pretreated with I3MO (5 uwmol/L) or
DMSO (0.1%) for 30 minutes, and stimu-
lated with PDGF (20 ng/mL) for 11 hours.
Cells were then harvested and subjected
to Western blot analysis for FLAG,
STATS, and tubulin. C, Cells treated as in
B were subjected to propidium iodide

staining and flow cytometry for cell cycle analysis. Graph shows mean values=SEM out of 3 experiments; **P<0.01. n.s. indicates not
significant (Student t test [cells in S phase after stimulation: DMSO versus I3MO]).

Finally, to rule out that inhibition of STAT3 phosphor-
ylation occurs only in the first hour after stimulation, we
performed long-term experiments up to a period of 18
hours. I3MO (3 or 5 pmol/L) kept STAT3 hypophosphor-
ylated throughout the entire incubation time (Supplemental
Figure V).

STAT3 Inhibition Leads to Inhibition of

Cell Proliferation

To underline that inhibition of STAT3 phosphorylation is
sufficient to inhibit VSMC proliferation, we used Stattic, a
selective inhibitor of STAT3 phosphorylation and dimeriza-
tion.>* Incubation with either Stattic or I3MO prevented
PDGF- and thrombin-mediated VSMC proliferation in a
dose-dependent manner as evidenced by reduced BrdU in-
corporation (Figure 4A). Like I3MO, Stattic did not inhibit
ERK1/2, p38MAFK or AKT phosphorylation (data not shown).
Moreover, MEFs expressing a constitutively active form of
STAT3 (Figure 4B) were able to escape the cell cycle arrest
induced by I3MO in cells expressing wild-type STAT3.
Whereas I3MO significantly reduced the percentage of wild-
type cells moving to S phase after PDGF stimulation, consti-
tutively active cells remained unaffected by I3MO (Figure
4C). These findings underline the notion of activated STAT3
as an important mediator of VSMC proliferation3-3> and
suggest that inhibition of STAT3 phosphorylation is indeed
the molecular mechanism underlying the antiproliferative
effect of I3MO.

I3MO Inhibits STAT3 Phosphorylation In Vivo

In a next step, our goal was to confirm the correlation
between reduced STAT3 phosphorylation and reduced
VSMC proliferation in our in vivo model. By immunocyto-
chemical staining, we could show that I3MO-treated arteries
displayed a reduced number of phosphoSTAT3 ™ cells at days
3, 7, and 14 after cuff placement compared with arteries

treated with vehicle (Figure 5A and 5B). The observed
decrease in STAT3 phosphorylation was reflected by a
reduced number of proliferating Ki67-positive cells (Figure
5C and 5D).

These data strongly indicate that the phosphorylation of
STATS3 serves as a major target of I3MO both in vitro and in
vivo.
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Figure 5. I3MO reduces STAT3 phosphorylation and prolifera-
tion in cuffed arteries in vivo. A, Representative images of immu-
nohistochemical phospho-STAT3 (pSTAT3) detection on cross-
sections of femoral arteries, cuffed for 3, 7, or 14 days in the
presence or absence of IBMO. B, Quantification of pSTAT3-
positive cells 3, 7, and 14 days after ISMO treatment. C, Immu-
nofluorescent detection of proliferating Ki67-positive cells
(green), smooth muscle cell actin (red), and nuclei (blue).

D, Quantification of proliferating cells (Ki67) at days 3, 7, and 14
in IBMO-treated and control (DMSO)-treated cuffed arteries.
Bars represent mean values+=SEM of experiments performed on
at least 4 mice per group; **P<0.001, **P<0.01, *P<0.05 (Stu-
dent t test); scale bars, 50 um.
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Discussion

The present study shows that I3MO, a derivative of the
natural product indirubin, potently inhibits DNA synthesis in
PDGF-activated VSMCs by arresting cells in the G, phase of
the cell cycle and significantly reduces neointima formation
when applied locally in an animal cuff-induced neointima
model. In contrast to previous studies that characterized
I3MO as a potent CDK inhibitor in vitro,>~° we show that
I3MO acts upstream of CDKs by completely abrogating
PDGF-induced STAT3 activation in VSMCs. Importantly,
I3MO also inhibited IFN-y- and thrombin-mediated STAT3
activation, whereas none of the typical growth factor-induced
signaling pathways, such as Akt or the mitogen-activated
protein kinases Erk1/2 or p38MAPX, were affected. Interest-
ingly, in the mouse femoral artery cuff model also, where
I13MO reduced neointima formation, the number of phospho-
STAT3-positive cells was reduced, correlating with a re-
duced number of proliferating cells. Endothelial function as
judged by eNOS activity was not negatively affected by
I3MO. The observed strong interference of the known CDK
inhibitor I3MO with the STAT3 signaling pathway in
VSMCs was rather unexpected, although a previous study has
shown that some indirubin derivatives are able to block
constitutive STAT3 signaling in tumor cells.'? In tumorigen-
esis, a role for STAT proteins is quite well established.3®
However, less is known regarding STAT proteins and their
role in cardiovascular diseases. With respect to neointima
formation and vascular remodeling, Seki et al showed that
JAKs and STATs are induced in medial and neointimal
VSMCs after vascular injury and that JAK inhibition leads to
reduced STAT phosphorylation, reduced neointimal VSMC
replication, and neointima formation.3” The same group also
demonstrated that adenoviral overexpression of a dominant
negative STAT3 in a balloon-injury artery model reduces
neointimal VSMC proliferation and neointima formation.3> A
more recent article by Wang et al suggested a strong role for
the interleukin-6/gp130/STAT3 signaling in vascular remod-
eling and neointima formation.?® Moreover, STAT3 activa-
tion has recently been shown to be involved in VSMC
inflammation and vascular remodeling on injury.?® All these
studies indicate that in fact inhibition of the JAK-STAT
pathway could affect neointima formation. In our study, we
confirmed a role for STAT3 inhibition by I3MO in reducing
neointima formation in vivo and by inhibiting PDGF-induced
VSMC proliferation in vitro.

I3MO abrogated not only PDGF-induced STAT3 phos-
phorylation but also STAT3 activation in response to IFN-y
and thrombin. This is of special importance because the
proinflammatory cytokine IFN-y plays a central role in
atherosclerosis, restenosis, and neointima formation.#0-42 Al-
though different mechanisms for the mitogenic and mo-
togenic activity of thrombin for VSMCs were suggested,
there are data indicating that STAT3 also plays a role for
thrombin-induced cell motility and proliferation.*3-43

Interference with the STAT signaling pathway is a mech-
anism that differs considerably from those shown for estab-
lished vascular antiproliferative drugs, such as rapamycin or
paclitaxel. Paclitaxel inhibits microtubule dynamics, leading
predominantly to M phase arrest. Because paclitaxel inter-
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feres at a stage of the cell cycle where cells are supposed to
divide, proapoptotic mechanisms are likely to occur.’ In
combination with impaired reendothelialization, this might be
detrimental for arterial wound healing, and it possibly in-
creases the risk for thrombosis.> In contrast, I3MO did not
induce apoptosis in the effective antiproliferative range of
concentrations. Rapamycin inhibits mTOR, the mammalian
target of rapamycin, arresting cells in G, phase via elevated
levels of p27%'™, a CDK inhibitor. In addition, rapamycin has
an immunosuppressive activity that is thought to be beneficial
for the local suppression of inflammatory responses.> I3MO,
similar to rapamycin, arrests VSMCs in G, phase and seems
to have an antiinflammatory activity by interfering with
IFN-y signaling and inhibiting tumor necrosis factor-a—
induced nuclear factor kB activation, as demonstrated in
human leukemic cells.'* We show here that I3MO signifi-
cantly reduces neointima formation in a mouse femoral artery
model by inhibition of phosphorylation of STAT3 as demon-
strated in vitro and in vivo, suggesting I3MO as a promising
lead compound that warrants further investigation regarding
its potential use to prevent neointima formation.
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Online Data Supplement

Supplemental Material

Materials

Calf serum, phenol red-free Dulbecco’s modified Eagle’s medium containing 4.5 g/L glucose,
L-glutamine, penicillin/streptomycin and HAT supplement (100 pmol/L hypoxanthine, 0.4
pmol/L aminopterin, 16 pmol/L thymidine) were obtained from Lonza (Belgium), trypsin
(1:250) and fetal bovine serum from Gibco via Invitrogen (CA, USA). Recombinant human
PDGF-BB was purchased from Bachem (Germany), recombinant rat IFN- y from Pepro Tech
(United Kingdom), and thrombin was purchased from Calbiochem (CA, USA). Wortmannin
and U0126 were obtained from New England BioLabs (MA, USA), AG490 and SU6656 from
Calbiochem (CA, USA), propidium iodide (PI) from Fluka (Switzerland).

Antibodies against phospho-Akt (S*®), phospho-Erk1/2 MAPK (T?%?/Y?%*), phospho-p38MAPX
(T'®%Y"®2) " phospho-STAT3 (Y’®), phospho-retinoblastoma protein (S%"#""), phospho-
tyrosine, phospho-PDGFR (Y579/581 and Y857) as well as Akt, Erk1/2, p38“"A"K STAT3,
and the horseradish peroxidase-conjugated goat anti-rabbit secondary antibody were from
New England BioLabs (MA, USA), anti-a-tubulin and actin were from Santa Cruz (CA, USA)
and horseradish peroxidase-conjugated goat anti-mouse secondary antibody from Upstate
(VA, USA). Antibody against FLAG was purchased from Sigma-Aldrich (MO, USA).
Monoclonal anti-smooth muscle actin-FITC (Sigma-Aldrich, MO, USA) and DAPI (4°,6-
diamidino-2-phenylindole; Vector Laboratories, CA, USA) were obtained as indicated. To
account for unspecific binding, purified non-immune mouse IgG (Sigma-Aldrich, MO, USA)
was used in controls.

CompleteT'\’I and Cell Proliferation ELISA, BrdU (chemiluminescence) were obtained from
Roche Diagnostics (Germany). Indirubin-3"-monoxime was kindly provided by Laurent Meijer
(Roscoff, France) or purchased from Calbiochem (CA, USA). All other reagents were

purchased from Sigma-Aldrich (MO, USA).
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Cell Culture

Vascular smooth muscle cells (VSMCs) were isolated from male Sprague-Dawley rat
thoracic aortas by enzymatic digestion as described previously." Cells were cultured (37°C
and 5% CO,) in phenol red-free Dulbecco’s modified Eagle’s medium supplemented with 2
mmol/L glutamine, 100 units/mL penicillin, 100 pg/mL streptomycin and 10% calf serum,
passaged twice a week by harvesting with trypsin/EDTA and seeded into 75-cm? flasks. For
experiments, cells between passage 7 and 15 were used at 50, 70 or 90% confluence. The
human endothelial cell line EA.hy926 (kindly provided by Dr. C.-J. Edgell, University of North
Carolina, Chapel Hill, NC) was cultivated like VSMCs except for 10% fetal bovine serum and
additional HAT supplement (100 umol/L hypoxanthine, 0.4 pmol/L aminopterin, 16 pmol/L
thymidine) till passage 30. For experiments, cells were seeded in 6-well plates at a density of
5 x 10° cells/well and were stimulated at confluency, approximately after 72 hrs. Porcine
aortic endothelial cells were cultivated in Ham’s F12 medium supplemented with 10 % fetal

bovine serum, 100 units/mL penicillin and 100 pg/mL streptomycin.

[**C]L-arginine/[**C]L-citrulline Conversion Assay

Citrulline is produced from arginine by endothelial nitric oxide synthase (eNOS) in equimolar
amounts to NO and can thus serve as a surrogate marker of NO production. Briefly,
EA.hy926 cells stimulated for 24 hrs with vehicle (DMSO 0.1%), I3MO (3 umol/L) or the
positive control ascorbic acid (100 ymol/L) were equilibrated in HEPES buffer, then 0.32
umol/L ["“C]L-arginine (313 Ci/mmol) and 1 umol/L ionomycin were added. After lysing and
extracting cells with ethanol/water, extracts were dried under vacuum (SPD 1010 SpeedVac,
Thermo Savant) and resolved in water/methanol (1:1). After separation from ["C]L-arginine
by thin layer chromatography (Polygram SIL N-HR, Machery Nagel, Austria), ['*C]L-citrulline
was quantified by autoradiography in a phosphoimager (BAS-1800Il, Fujifilm, Japan). AIDA

software (raytest USA Inc., NC, USA) was used for densitometric analysis.
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Cell Proliferation and Viability Assays

For BrdU-incorporation cells were seeded at a density of 3 x 10* cells/well in 96-well plates,
grown over night with 10% calf serum and then rendered quiescent by serum withdrawal for
24 hrs. Medium was changed and cells were incubated with indirubin-3"-monoxime (I3MO, 1-
3 umol/L) or vehicle (DMSO 1%) 30 min prior to stimulation with PDGF-BB (20 ng/mL) or
10% calf serum (CS). One hr later BrdU at a final concentration of 10 ymol/L was added and
BrdU-incorporation was determined on the Tecan GENios Pro™ luminometer (Mannedorf,
Switzerland) 23 hrs after addition of PDGF-BB or CS, respectively, according to the
instructions of the Cell Proliferation ELISA Kit (Roche Diagnostics, Germany). Viability was
assessed by automated determination of the percentage of cells that are able to exclude

Trypan Blue with a ViCell™ instrument (Beckman Coulter)

Cell Cycle Analysis

The percentage of cells in each cell cycle phase was obtained based on the flow cytometric
analysis of propidium iodide (Pl)-stained nuclear DNA. To arrest cells in Gy-phase of the cell
cycle, cells at 70% confluence were serum starved for 24 hrs and then preincubated with
I3MO (3 and 5 pymol/L) or vehicle (DMSO 1%) for 30 min. PDGF-BB (20 ng/mL) was added
and 16 hrs later, cells were trypsinized, washed once with PBS, and incubated in a hypotonic
Pl solution containing 0.1% (v/v) Triton X-100, 0.1% (w/v) sodium citrate, and 50 pg/mL PI
over night. 10,000 cells were analyzed by flow cytometry (FACSCalibur™, BD Biosciences,

Germany) by setting markers manually on the phases of the cell cycle.

To characterize cells that are actively synthesizing DNA depending on their cell cycle
position, cells were seeded at a density of 8 x 10* cells/well in 6-well plates and rendered
quiescent by serum withdrawal for four days. After changing the medium and adding vehicle
(DMSO 1%), cells were stimulated with PDGF-BB (20 ng/mL). Four hrs later, the reversible

DNA-polymerase inhibitor aphidicolin (1 pymol/L) was added to arrest the cells in early S-
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phase. After another 15 hrs of incubation aphidicolin was removed by washing the cells once
with warm PBS before adding fresh medium containing PDGF-BB and, depending on the
treatment, again aphidicolin (2 pmol/L) or I3MO (3 or 5 umol/L) or vehicle (DMSO 1%). Cells
were incubated for 10 hrs and during the last 30 min pulse labelled with 10 pmol/L BrdU.
Subsequently, cells were harvested by trypsinization and processed as described by the
manufacturer of the FITC BrdU Flow Kit (BD Biosciences Pharmingen, CA, USA).
Incorporated BrdU was made detectable by immunostaining with a FITC-conjugated anti-
BrdU antibody; additionally, nuclear DNA was stained with 7-aminoactinomycin D. The

emitted fluorescence of 10,000 cells was monitored by flow cytometry.

SDS-PAGE and Immunoblotting

Cells at 70 to 90% confluence were serum starved for 24 hrs, preincubated with I3MO (0.1-5
pmol/L), Wortmannin, U0126, SU6656, AG490 or vehicle (DMSO 1%) for 30 min and then
stimulated with PDGF-BB, IFN-y (20 ng/mL) or thrombin (0.5 U/mL) for the indicated times.
Cells were washed with ice-cold PBS and lysed in 1% (v/v) Triton X-100, 50 mmol/L HEPES,
50 mmol/L NaCl, 50 mmol/L NaF, 5 mmol/L EDTA, 10 mmol/L Na-pyrophosphate, 1 mmol/L
Na-orthovanadate, 5 mmol/L phenylmethylsulfonyl fluoride (PMSF), protease inhibitor
Complete™ for 30 min. Cell lysates were centrifuged at 13,000 rpm for 10 min at 4°C and
protein concentrations were determined by the Bradford method.? Equal amounts of protein
(60 pg/lane for Rb, 20 ug/lane for all other proteins) were separated by SDS-PAGE (7.5% for
Rb and STAT, 12% for MAPKs and Akt) and transferred to a polyvinylidene difluoride
membrane (Bio-Rad laboratories, Austria). Equal protein loading was controlled by
Coomassie Blue staining of gels. Membranes were blocked with 5% fat-free milk powder in
TBS containing 1% (v/v) Tween 20 for one hr and incubated with specific antibodies at 4°C
overnight. Proteins were visualized by secondary antibodies conjugated with horseradish
peroxidase and ECL reagent (1 mol/L Trizma™ Base pH 8.5, luminol 0.22 mg/mL, p-
coumaric acid 0.033 mg/mL, H,O, 30%) using an LAS-3000™ luminescent image analyzer

(Fujifilm, Japan) and AIDA™ software (raytest USA Inc., NC, USA).
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Preparation of Nuclear Extracts

Cells were serum starved for 24 hrs and treated as mentioned above. Then cells were rinsed
once with ice-cold PBS, harvested and centrifuged at 5,000 rpm for 5 min at 4°C. The pellet
was resuspended in ice-cold hypotonic buffer (containing 10 mmol/L HEPES (pH 7.9), 10
mmol/L KCI, 0.1 mmol/L EDTA, 0.1 mmol/L EGTA, 1 mmol/L dithiothreitol (DTT), 0.5 mmol/L
PMSF) and allowed to swell on ice for 15 min. NP-40 was added, samples were vortexed
vigorously for 10 s and pelleted (13,000 rpm, 60 s). Nuclei were resuspended in hypertonic
buffer (containing 20 mmol/L HEPES, 400 mmol/L NaCl, 1 mmol/L EDTA, 1 mmol/L EGTA,
25% (v/v) glycerol, 1 mmol/L DTT, 0.5 mmol/L PMSF), shaken for 15 min at 4°C and
centrifuged (13,000 rpm for 5 min, 4°C). Supernatants were further processed for

immunoblotting.

Statistical Analysis

All experiments were performed at least three times. Data are expressed as means + S.E.M.
Statistical significance was analyzed by t test comparing one group with the control group. To
compare two or more groups with the control group, one-way ANOVA followed by a Dunnett
multiple comparison test was performed using GraphPad PRISM™ software version 4.03.

(CA, USA). P values of less than 0.05 were considered significant.
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Figure I. Indirubin-3"-monoxime arrests VSMCs in Gyo/G4- and not in early S-phase.
Quiescent VSMCs were stimulated with PDGF-BB for four hrs and were then synchronized in
early S-phase by treatment with aphidicolin (1 pumol/L) for 15 hrs; cells treated with vehicle
alone (DMSO 1%) represent the quiescent state of the cells. After washing, fresh PDGF-
containing medium was added (except in vehicle control) supplemented with aphidicolin (2
pmol/L), I3MO (3 umol/L) or vehicle. After another 10 hrs and pulse labelling with BrdU, cells
were harvested, stained with a FITC-conjugated anti-BrdU antibody and 7-aminoactinomycin
D and analyzed by flow cytometry. Numbers within the rectangle represent percentage of

cells in the S-phase. Dot plots of one representative experiment out of three are shown.

Figure Il. Indirubin-3’-monoxime has no negative impact on endothelial cell viability in vitro.
Porcine aortic endothelial cells were incubated with DMSO (0.1%) or the indicated
concentrations of I3MO for 24 hrs before their viability was analyzed according to their ability

to exclude Trypan Blue. Results of one representative experiment (out of two) are depicted.

Figure lll. Indirubin-3-monoxime impairs PDGF-induced phosphorylation of the PDGF-
receptor. Quiescent VSMC were treated with I3MO (3 pmol/L) for 30 min followed by a
stimulation with PDGF (20 ng/mL) for the indicated periods of time. The upper panel shows
a representative immunoblot depicting tyrosine phosphorylation of the receptor (overall, at
Y857 and Y579/581, respectively) upon PDGF stimulation in the presence and absence of
IBMO (A). The lower panels (B-D) display averaged data of the indicated tyrosine
phosphorylation of the PDGFR (normalized to tubulin) obtained by densitometric analysis of
four independent immunoblots. ***p<0.001; **p<0.01; *p<0.05; ns (not significant) p>0.05 (t-

test)

Figure IV. Indirubin-3'-monoxime reduces translocation of phosphorylated STAT3 into the
nucleus. Serum starved VSMCs were preincubated with I3MO (3 umol/L) or vehicle (DMSO

1%) for 30 min and stimulated with PDGF-BB (20 ng/mL) for 10, 30 or 60 min. Cytosolic (A)

7
Downloaded from atvb.ahgjournals.org at Bibliothek der MedUniWien (1X0000096057) on December 7, 2010


http://atvb.ahajournals.org

and nuclear (A, B) protein levels of phosphorylated STAT3Y'%® (pSTAT3) and total STAT3
(STAT3) were determined. Images show one representative immunoblot out of three

experiments.

Figure V. Indirubin-3’-monoxime diminishes long-term phosphorylation of STAT3. VSMCs
were preincubated with I3MO in the indicated concentrations or vehicle (DMSO 1%) for 30
min and stimulated with PDGF-BB (20 ng/mL) for 2, 12 or 18 hrs. The expression levels of
phosphorylated STAT3"% (pSTAT3) and total STAT3 (STAT3) were determined; tubulin was

used as loading control. One representative immunoblot out of three experiments is shown.
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