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ABSTRACT

Because constitutive activation of signal transducers and activa-
tors of transcription-3 (STAT3) has been linked with cellular trans-
formation, survival, proliferation, chemoresistance, and angiogen-
esis of various tumor cells, agents that can suppress STAT3
activation have potential as cancer therapeutics. In the present
report, we identified a flavone from the leaves of a Thai plant,
Gardenia obtusifolia, 5,3'-dihydroxy-3,6,7,8,4'-pentamethoxyfla-
vone (PMF), that has the ability to inhibit STAT3 activation. PMF
inhibited both constitutive and interleukin-6-inducible STAT3 ac-
tivation in multiple myeloma (MM) cells, as indicated by suppres-
sion of STAT3 phosphorylation, nuclear translocation, DNA bind-
ing, and STAT3-regulated gene expression. The inhibition of
STAT3 by PMF was reversible. We found that the activation of
various kinases including Janus-like kinase (JAK)-1, JAK-2, c-Src,
extracellular signal-regulated kinases 1 and 2, AKT, and epidermal
growth factor receptor, implicated in STAT3 activation, were in-

hibited by the flavone. It is noteworthy that pervanadate sup-
pressed the ability of PMF to inhibit the phosphorylation of STATS,
suggesting that protein tyrosine phosphatase was involved. PMF
induced the expression of SHP-1 and was linked to the dephos-
phorylation of STAT3, because its deletion by small interfering
RNA abolished the PMF-induced constitutive and inducible
STAT3 inhibition. STAT3 inhibition led to the suppression of pro-
teins involved in proliferation (cyclin D1 and c-myc), survival (sur-
vivin, Mcl-1, Bcl-xL, Bcl-2, and clAP-2), and angiogenesis (vascu-
lar endothelial growth factor). Finally, PMF inhibited proliferation
and induced apoptosis of MM cells. PMF also significantly poten-
tiated the apoptotic effects of Velcade and thalidomide in MM
cells. Overall, these results suggest that PMF is a novel blocker of
STAT3 activation and thus may have potential in suppression of
tumor cell proliferation and reversal of chemoresistance in MM
cells.

Introduction

Signal transducers and activators of transcription (STAT)
is a family of transcription factors that was first discovered in
1994 and ever since has been linked with a wide variety of
physiological and pathological processes (Aggarwal et al.,
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2006). Of six different STATSs that have been identified, one
of them, STATS3, has been most closely associated with in-
flammation, immunity, and tumorigenesis (Yu et al., 2009)
and has been labeled as an oncogene (Bromberg et al., 1999).
Although activation of STAT3 by most cytokines is transient,
persistent activation of STAT3 is observed in most tumors
(Lee et al., 2010). Constitutive activation of the STATS3 con-
tributes to the transformation, survival, proliferation,
chemoresistance, and angiogenesis of various tumors (Ram
et al., 2000).

The phosphorylation of STAT3 is mediated through the
activation of nonreceptor protein tyrosine kinases, including

ABBREVIATIONS: STAT, signal transducers and activators of transcription; EMSA, electrophoretic mobility shift assay; JAK, Janus-like kinase; MM,
multiple myeloma; PARP, poly(ADP-ribose) polymerase; PMF, 5,3'-dihydroxy-3,6,7,8,4'-pentamethoxyflavone; siRNA, small interfering RNA; VEGF,
vascular endothelial growth factor; IL, interleukin; ERK1/2, extracellular signal-regulated kinase 1/2; EGFR, epidermal growth factor receptor; PAGE,
polyacrylamide gel electrophoresis; PTP, protein tyrosine phosphatase; AZD1480, 5-chloro-N,-[(1S)-1-(5-fluoropyrimidin-2-yl)ethyl]-N,-(5-methyl-1H-
pyrazol-3-yl)pyrimidine-2,4-diamine; PS341, ((R)-3-methyl-1-((S)-3-phenyl-2-(pyrazine-2-carboxamido)propanamido)butyl)boronic acid.

889

2T0Z ‘T Jeqwiadaq uo 1sanb Aq 6o sjeuinofjadse weydjow wol} papeojumod


http://molpharm.aspetjournals.org/

PHARM

aspet’

890

Phromnoi et al.

Janus-like kinase (JAK)-1, -2, and -3, TYK2, and c-Src ki-
nase. Agents that disrupt this pathway would be good can-
didates as STATS inhibitors. STAT3 is activated by several
factors including IL-6, a cytokine essential for the survival of
many cell lineages, including multiple myeloma (MM)
(Catlett-Falcone et al., 1999). Upon activation, STATS3 under-
goes phosphorylation at serine 727 and at tyrosine 705,
dimerization, nuclear translocation, and DNA binding, which
in turn leads to transcription of various genes, including
apoptosis inhibitors (survivin, Mcl-1, Bel-xL, Bel-2, and cIAP-
2), cell cycle regulators (cyclin D1 and ¢-myc), and inducers of
angiogenesis [vascular endothelial growth factor (VEGF)].
Hence, activation of STAT3 plays an important role in
chemoresistance, and inhibition of STAT3 may overcome this
chemoresistance (Aggarwal et al., 2006).

Because STATS3 is dispensable in most normal tissue, tar-
geted inhibition of STATS3 is an attractive therapy for pa-
tients with cancer. Thus, agents that can suppress STAT3
activation have potential as cancer therapeutics. The possi-
bility of using natural agents to suppress tumor growth and
overcome chemoresistance, through the suppression of
STAT3, without the debilitating side effects of conventional
chemotherapy, is an attractive strategy. One possible source
for such an agent is Gardenia obtusifolia (Rubiaceae family).
Extracts of this plant are used to inhibit implantation (Lu-
echtefeld et al., 1981) and suppress ulcers (Takase et al.,
1989) and as an antibacterial agent (Laurens et al., 1985).
One of the compounds isolated from this plant, 5,3’-dihy-
droxy-3,6,7,8,4'-pentamethoxyflavone (PMF), is cytotoxic to
various cancer cell lines (Lichius et al., 1994; Shi et al., 1995;
Zhang et al., 1999), exhibits anti-HIV activity (Tuchinda et
al., 2004), is a potent inducer of apoptosis and abrogates the
nuclear factor-«B cell signaling pathway (Phromnoi et al.,
2011). PMF isolated from another medicinal plant, Polanisia
dodecandra (native to North America), has been reported to
exhibit anticancer activity by binding to tubulin and inhibit-
ing its polymerization (Lichius et al., 1994; Shi et al., 1995;
Zhang et al., 1999). Because of the reported potential of PMF
against cancer cells and the fact that STAT3 plays a critical
role in tumor cell development, we postulated that this fla-
vone may modulate STAT3 cell signaling pathways. We pro-
vide evidence that PMF can suppress both constitutive and
inducible STATS activation through the activation of a pro-
tein tyrosine phosphatase, leading to suppression of various
gene products linked to tumor cell survival, proliferation, and
angiogenesis.

Materials and Methods

Reagents. Penicillin, streptomycin, RPMI 1640 and Dulbecco’s
modified Eagle’s medium were obtained from Invitrogen (Carlsbad,
CA). Fetal bovine serum was supplied by Atlanta Biologicals (Nor-
cross, GA). Horseradish peroxidase-conjugated anti-mouse second-
ary antibodies were purchased from GE Healthcare (Chalfont St.
Giles, Buckinghamshire, UK). Goat anti-rabbit horseradish peroxi-
dase conjugate was purchased from Bio-Rad (Hercules, CA). Anti-
bodies against phospho-STAT3 (tyrosine 705), STAT3, phospho-
ERK1/2, ERK1/2, JAK2, SHP-1, cyclin D1, c-myc, poly(ADP-ribose)
polymerase (PARP), caspase-3, Mcl-1, Bel-2, Bel-xL,, ¢-IAP2, AKT,
JNK, and phospho-JNK (Thr'®3/Tyr!®%) were obtained from Santa
Cruz Biotechnology (Santa Cruz, CA). Anti-survivin was purchased
from R&D Systems (Minneapolis, MN). An anti-VEGF and anti-
EGFR was purchased from NeoMarkers (Fremont, CA). Antibodies

to phospho-Src (Tyr*'6), Src, phospho-JAK1 (Tyr!02%1023)" JAK1,
phospho-JAK2 (Tyrt0071908) "and phospho-EGFR (Tyr!°%®) were pur-
chased from Cell Signaling Technology (Danvers, MA). The phospho-
Akt (Ser*”®) antibody was obtained from Imgenex (San Diego, CA).
Bacteria-derived recombinant human IL-6 was kindly provided by
Novartis Pharmaceuticals (Basel, Switzerland). The small interfer-
ing RNA (siRNA) for SHP-1 and the scrambled control were obtained
from Ambion (Austin, TX). All other reagents were obtained from
Sigma-Aldrich (St. Louis, MO).

Cell Lines. The cell lines used in our studies were established from
human multiple myeloma (U266, RPM18226, MM1S) and human head
and neck cancer (SCC4); they were obtained from the American Type
Culture Collection (Manassas, VA). U266, RPMI18226, and MM1S cells
were cultured in RPMI 1640; SCC4 cells were cultured in Dulbecco’s
modified Eagle’s medium supplemented with 1% sodium pyruvate.
Culture media were supplemented with 10% fetal bovine serum, 100
U/ml penicillin, and 100 pg/ml streptomycin.

Extraction and Isolation of PMF. The leaves of G. obtusifolia
were collected from the Doi Suthep-Pui National Park (Chiang Mai,
Thailand). Voucher herbarium specimen of the plant was identified
by J. F. Maxwell, and deposited in the Chiang Mai University Her-
barium (Chiang Mai, Thailand). The samples were washed, air-
dried, and chopped into small pieces. They were oven-dried at tem-
perature below 50°C and powdered. The dried powder was
macerated with 95% ethanol. The ethanolic solutions were combined
and evaporated at 50°C under reduced pressure to give a dark brown
residue. A portion of the crude extract was separated by liquid-liquid
partition procedure. Based on the bioassay-guide isolation, the crude
chloroform extract was subjected to further isolation with column
chromatography on SiO,. Gradient elution was performed with dif-
ferent compositions of a mobile phase as a gradient of increasing
polarity. Separated fractions were evaluated by thin-layer chroma-
tography. Repeated separations were performed using CHCls/ethyl
acetate with increasing polarity up to a ratio of 5:5 to yield a pure
fraction of PMF. The purity and the structure of these yellow crystals
was measured and identified by thin-layer chromatography, high-
performance liquid chromatography, mass spectroscopy, and NMR
analysis.

Immunocytochemistry for STAT3 Localization. The effect of
PMF on the nuclear translocation of STAT3 was examined by an
immunocytochemical method using an epifluorescence microscope
(Labophot-2; Nikon, Tokyo, Japan) as described previously (Pandey
et al., 2009).

Electrophoretic Mobility Shift Assay for STAT3-DNA Bind-
ing. STAT3-DNA binding was analyzed by electrophoretic mobility
shift assay (EMSA) as described previously (Pandey et al., 2009).

Western Blot Analysis. Whole-cell protein (30 ug) was resolved
on 7.5% or 10% SDS-PAGE gel, transferred to a nitrocellulose mem-
brane, blocked with 5% nonfat milk, and probed with specific anti-
bodies. The blots were washed, exposed to horseradish peroxidase-
conjugated secondary antibodies, and finally detected by enhanced
chemiluminescent reagent (GE Healthcare).

Cytotoxicity Assay. The cytotoxicity of PMF was determined by the
3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyltetrazolium uptake method as de-
scribed earlier (Pandey et al., 2009).

Flow Cytometric Analysis. To determine the effect of PMF on
the cell cycle progress, U266 cells were treated with PMF in different
doses for 48 h, washed, and stained with propidium iodide as de-
scribed previously (Kunnumakkara et al., 2009). The cells were
analyzed using a fluorescence-activated cell sorter (BD Biosciences,
San Jose, CA).

Transfection with SHP-1 siRNA. SCC4 cells were plated in
six-well plates and allowed to adhere for 24 h (Kunnumakkara et al.,
2009). On the day of transfection, 12 ul of HiPerFect transfection
reagent (QIAGEN, Valencia, CA) were added to 5 nM SHP-1 siRNA
in a final volume of 100 ul of culture medium. After 48 h of trans-
fection, cells were treated with PMF for 8 h, and whole-cell extracts
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were prepared for SHP-1, STATS3, and phospho-STAT3 analysis by
Western blotting.

Apoptosis Assay. Apoptosis was measured using Live/Dead as-
say according to the manufacturer’s instructions (Invitrogen) (Kun-
numakkara et al., 2009). Cells were analyzed under a fluorescence
microscope (Labophot-2).

Statistical Analysis. The statistical analysis was done by one-
way analysis of variance test using SPSS version 15.0 (SPSS Inc.,
Chicago, IL).

Results

Although PMF has been shown to exhibit anticancer activ-
ity, whether it can modulate STAT3 signaling pathway is
unknown. Therefore, the objective of this study was to inves-
tigate the effect of this flavone on the modulation of STAT3
pathway. For most studies, we used human multiple my-
eloma U266 cells because they express constitutively active
STATS3, and the role of STAT3 pathways in this cancer is well
understood. However, for gene-silencing studies, we used
squamous cell carcinoma, SCC-4. These cells express consti-

PMF Blocks STATS3 Signaling Pathway 891

tutively active STAT3 and have been successfully used for
the delivery of siRNA. To produce inducible STAT3, we used
IL-6, because this cytokine has been examined extensively
for STAT3 activation.

Identification of PMF. PMF was obtained in the form of
yellow crystals. The isolated compound was identified
through analysis of its R, values, melting point, ultraviolet
absorption, infrared absorption, nuclear magnetic resonance,
and mass spectra compared with data published previously
(Shi et al., 1995; Zhang et al., 1999). The electron impact-
mass spectrum of PMF exhibited a molecular ion peak at m/z
404, supporting the molecular formula of C,,H,00,. The IR
spectrum showed strong absorption bands of OH (3100-3700
cm ™!, broad), C=0 (1650-1705 cm !, medium), C=C (1600—
1500 cm ™!, strong), and C-O (1200-1400 cm ™!, strong). The
UV spectrum consisted of two absorption maxima (A,,,,) at
348 nm (band I) and 260-278 nm (band II). Inspection of the
signals in the '"H NMR and carbon signals in the **C NMR
spectrum allowed us to deduce the structure of PMF. Its
spectral data were in agreement with those obtained from

5,3’-dihydroxy-3,6,7,8,4’-pentamethoxyflavone (PMF)
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Western blotting as described under Mate-
rials and Methods. Blot was probed for
phospho-STAT3. The same blots were
stripped and reprobed with STAT3 anti-
body. Densitometric quantitation in fold
change of each band is given below the blot.
C, PMF suppresses STAT3 nuclear trans-
location. U266 cells (10°/ml) were treated
with 100 uM PMF for 8 h and immunocy-
tochemistry was performed with STAT3
antibody. D, PMF inhibits constitutively
active STAT3 in U266 cells. U266 cells (2 X
10%ml) were treated with the indicated
concentrations of PMF for 8 h (left) or with
100 uM PMF for the indicated durations
(right) and analyzed for nuclear STATS lev-
els by EMSA. E, nuclear extract from U266
cells were incubated with STAT3, phospho-
STAT3 antibodies, or preimmune serum.
The nuclear extract was then assayed for
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the reference compound reported in the literature (Lichius et
al., 1994, Shi et al., 1995; Tuchinda et al., 2004) (Fig. 1A).

PMF Inhibits Constitutive STAT3 Phosphorylation.
Whether PMF can suppress constitutive STAT3 activation in
U266 cells, which are known to express constitutive STAT3
(Pandey et al., 2009), was investigated. As shown in Fig. 1B,
PMF inhibited the constitutive activation of STATS, as indi-
cated by a decrease in phosphorylated STATS, in a dose- (left)
and time-dependent (right) manner. This flavone had no
effect on the expression of STATS3 protein. Exposure of cells to
100 uM PMF for approximately 8 h was optimum to suppress
constitutive STATS activation significantly. Under these con-
ditions, cells were fully viable. Hence, we selected this con-
dition for further experiments.

PMF Suppresses the Nuclear Translocation of STATS3.
Because tyrosine phosphorylation causes dimerization of
STATS3, which then leads to nuclear translocation, we ex-
amined whether PMF inhibits nuclear translocation of
STAT3 in U266 cells. The results of immunocytochemistry
showed that PMF inhibited nuclear translocation of
STAT3 (Fig. 1C).

PMF Inhibits Binding of STAT3 to the DNA. STAT3
after phosphorylation is translocated to the nucleus, in which
it binds to the DNA and regulates STAT3-dependent gene
expression (Yu et al., 1995). Whether PMF inhibits DNA
binding activity of STAT3 was examined by EMSA. Nuclear
extracts prepared from U266 cells showed STAT3-DNA bind-
ing activity, and PMF inhibited the binding in a dose- (Fig.
1D, left) and time-dependent (Fig. 1D, right) manner.

To confirm that the protein-DNA complex as visualized by
EMSA contains STAT3, we preincubated nuclear extracts
from U266 cells with antibodies against STAT3 and phospho-
STATS3. Incubation with the antibodies shifted the band to a
higher molecular mass, whereas preimmune serum had no
effect on STAT3-DNA binding (Fig. 1E). These results sug-
gest that the protein-DNA complex as visualized by EMSA,
indeed contained STATS3.

PMF-Induced Inhibition of STAT3 Phosphorylation
Is Reversible. Whether PMF-induced inhibition of STAT3
phosphorylation was reversible was also examined. Our re-
sults showed that removal of the compound reversed the
PMF-induced inhibition of STAT3 phosphorylation (Fig. 2A).
The STATS3 protein levels remained constant under these
conditions.

PMF Inhibits IL-6-Induced STAT3 Phosphorylation.
IL-6, a growth factor for MM cells, is overexpressed in vari-
ous cancers and is a potent inducer of STAT3 (Kawano et al.,
1988). Whether PMF could inhibit IL-6-induced STAT3 phos-
phorylation was investigated. We found that IL-6 induced
phosphorylation of STATS as early as 15 min, and pretreat-
ment of cells with PMF for 8 h suppressed IL-6-induced
STAT3 phosphorylation (Fig. 2B).

PMF Suppresses Constitutive Activation of JAKI1
and JAK2. Because STATS3 is activated by soluble tyrosine
kinases of the Janus family, also called JAK (Ihle, 1996), we
examined the effects of PMF on JAK phosphorylation. The
results showed that PMF inhibited constitutive phosphory-
lation of JAK1 and JAK2 in a dose- (Fig. 3A, left) and time-
dependent (Fig. 3A, right) manner. The levels of total JAK1
and JAK2, however, remained unchanged.

PMF Suppresses Constitutive Activation of c-Src. Be-
cause activation of Src has also been linked with STAT3 acti-

A Wash
0 2 4 8 12 24 time(h)
e e e | pSTATS3

1 12 22 38 39 3.6 Fold

b-m— <« STAT-3
B IL-6 IL-6 + PMF
0 5 15 30 60 0 time (min)

5 15 30 60

"hﬂiﬂ“w ' ”-‘a—ﬁu <PpSTAT-3

1 1515 15 14

1 16 29 36 34 Fold

Fig. 2. A, PMF-induced inhibition of STAT3 phosphorylation is revers-
ible. U266 cells (2 X 10%ml) were treated with 100 uM PMF for 8 h and
washed with phosphate-buffered saline twice to remove PMF before
resuspension in fresh medium. Cells were harvested at the indicated
times after which Western blotting was performed for phospho-STATS3.
Densitometric quantitation in fold change of each band is given below the
blot. B, PMF down-regulates IL-6-induced phospho-STAT3. MM1S cells
(2 X 10%ml) were treated with IL-6 (10 ng/ml) or pretreated with 100 uM
PMF for 8 h followed by IL-6 for the indicated times, whole-cell extracts
were prepared, and phosphorylated STAT3 was detected by Western blot.
The same blots were stripped and reprobed with STAT3 antibody to
verify equal protein loading. Densitometric quantitation in fold change of
each band is given below the blot.

vation (Schreiner et al., 2002), we examined the effect of PMF
on constitutive activation of c-Src kinase in U266 cells. We
found that U266 cells exhibited constitutive activation of cSrc
kinase and that PMF suppressed the activation in a dose- (Fig.
3B, left) and time-dependent (Fig. 3B, right) manner.

PMF Suppresses Constitutive Activation of ERK1/2.
Apart from tyrosine phosphorylation, STATS is also known to
undergo phosphorylation at serine residues through the ERK
pathway (Chung et al.,, 1997). We therefore investigated
whether PMF modulates constitutive activation of ERK1/2
kinase in U266 cells. As shown in Fig. 3C, PMF inhibits the
constitutive phosphorylation of ERK1/2 kinase in U266 cells
in a dose- (Fig. 3C, left) and time-dependent manner (Fig. 3C,
right).

PMF Suppresses Constitutive Activation of EGFR.
Because activation of receptor tyrosine kinases such as EGFR
that are upstream to ERK has been reported to be important in
the pathogenesis of multiple myeloma, we examined whether
PMF can affect the activation of these receptors. We found that
MM cells exhibited constitutive phosphorylation of EGFR,
whereas PMF suppressed this phosphorylation in a time-
dependent manner (Fig. 3D).

PMF Suppresses Activation of Akt. We next examined
whether PMF has potential to affect activation of Akt, an-
other kinase upstream to ERK. The results indicated that
PMF suppressed activation of Akt in a time-dependent man-
ner. Total Akt was, however, unchanged under similar con-
ditions (Fig. 3D).

PMF Does Not Affect JNK Activation. We also exam-
ined whether PMF can modulate activation of JNK. We
found that phosphorylation at Thr'®3/Tyr'®® and total JNK
protein levels were not affected by PMF treatment. These
results indicate JNK is not involved in the suppression of
ERK and STATS activation by PMF (Fig. 3D).
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Tyrosine Phosphatase Inhibitor Abrogates PMF-In-
duced Inhibition of STAT3 Phosphorylation. Protein
tyrosine phosphatases (PTPs) have been implicated in
STATS3 activation (Han et al., 2006). Therefore, we examined
whether PMF-induced inhibition of STATS3 tyrosine phos-
phorylation could be due to activation of a PTP. Treatment of
U266 cells with the broad-acting tyrosine phosphatase in-
hibitor sodium pervanadate reversed the PMF-induced in-
hibition of STAT3 phosphorylation (Fig. 3E). This suggests
that PTPs are involved in PMF-induced inhibition of
STAT3 phosphorylation.

PMF Induces the Expression of SHP-1. SHP-1 is a
nontransmembrane PTP that has been linked with regula-
tion of STATS3 activation. Because PMF induced suppression
in the STAT3 activation was reversed by a PTP inhibitor, we
examined whether PMF has potential to induce SHP-1. As
shown in Fig. 4A, PMF indeed induced the expression of

concentration of pervanadate and 100 puM
PMF for 8 h, after which whole-cell extracts
were prepared and subjected to Western blot-
ting for phospho-STAT3 and STAT3. Densi-
tometric quantitation in fold change of each
band is given below the blot. The results
shown are representative of three indepen-
dent experiments.

SHP-1 both in a dose- (Fig. 4A, left) and time- (Fig. 4A, right)
dependent manner.

Induction of SHP-1 by PMF Is Transient. Because
inhibition of STATS3 phosphorylation by PMF was reversible
(Fig. 2B), we determined whether it was due to transient
induction of SHP-1. Our results showed that PMF induced
SHP-1 protein maximally at 8 h, and removal of the com-
pound down-regulated its expression (Fig. 4B). Thus, the
dephosphorylation of STATS correlates well with the appear-
ance of SHP-1.

Silencing of SHP-1 Reverses the Inhibition of Con-
stitutive STAT3 by PMF. We showed above that the dephos-
phorylation of STAT3 by PMF correlates with the appearance of
SHP-1. Whether the silencing of SHP-1 expression by siRNA
would abrogate the inhibitory effect of PMF on STATS activa-
tion was investigated. Western blotting showed that PMF-
induced SHP-1 expression was abolished in the cells treated
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Fig. 4. A, PMF induces the expression of SHP-1 in U266 cells in a dose- and time-dependent manner. U266 cells (2 X 10%/ml) were treated with PMF
for 8 h with different concentrations of PMF (left) or with 100 uM PMF for the indicated times (right), after which whole-cell extracts were prepared
and Western blotting was performed for SHP-1 antibody. The same blots were stripped and reprobed with B-actin antibody to verify equal protein
loading. Densitometric quantitation in fold change of each band is given below the blot. B, PMF-induced SHP-1 activation is transient. U266 cells (2 X
10%ml) were treated with 100 uM PMF for 8 h and washed with phosphate-buffered saline twice to remove PMF before resuspension in fresh
medium. Cells were harvested at indicated times and subjected to Western blotting against SHP-1. Blot was stripped and reprobed for B-actin
antibody. Densitometric quantitation in fold change of each band is given below the blot. C, effect of SHP-1 knockdown on PMF-induced
expression of constitutive STAT3 (left) and on inducible STAT3 (right). SCC4 cells (2 X 10%/ml) were transfected with either scrambled or
SHP-1-specific siRNA (5 nM). After 48 h, cells were treated with 100 uM PMF for 8 h and whole-cell extracts were subjected to Western blot
analysis for SHP-1. The same blots were stripped and reprobed with B-actin antibody. The same whole-cell extracts were subjected to
phospho-STATS3 and STATS (left). A293 cells (2 X 10°/ml) were transfected with either scrambled or SHP-1-specific siRNA (5 nM). After 48 h,
cells were treated with 100 uM PMF for 8 h and then IL-6 (10 ng/ml) for 30 min. Whole-cell extracts were subjected to Western blot analysis
for phospho-STAT3 and STAT3. The same whole-cell extracts were subjected to SHP-1. The same blots were stripped and reprobed with B-actin
antibody (right). Densitometric quantitation in fold change of each band is given below the blot. D, knockdown of SHP-1 inhibited the
PMF-induced apoptosis and activation of ERK1/2 and EGFR. SCC4 cells (2 X 10°/ml) were transfected with either scrambled or SHP-1-specific
siRNA (5 nM). After 48 h, cells were treated with 100 uM PMF for 24 h at 37°C. Cells were stained with a Live/Dead assay reagent and then
analyzed under a fluorescence microscope (left). SCC4 cells were transfected with either scrambled or SHP-1 specific siRNA (5 nM). After 48 h,
cells were treated with 100 uM PMF for 12 h at 37°C. Whole cell extract were prepared and analyzed by Western blotting using indicated
antibodies (right). The results shown are representative of three independent experiments.
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with SHP-1 siRNA; treatment with scrambled siRNA had no
effect (Fig. 4C, left). We also found that PMF failed to suppress
STAT3 activation in cells treated with SHP-1 siRNA (Fig. 4C,
left). These results further corroborate our earlier evidence for
the critical role of SHP-1 in suppression of STAT3 phosphory-
lation by PMF.

Silencing of SHP-1 Blocks the Effects of PMF on
Inducible STAT3. Next, we determined whether knock-
down of SHP-1 expression by siRNA also abolished the effect
of PMF on inhibition of IL-6-induced STAT3 activation. Our
results of Western blot showed that IL-6 induced the STAT3
activation in SCC4 cells and PMF inhibited the STAT3 acti-
vation through up-regulation of SHP-1 expression. However,
silencing the SHP-1 expression abrogated the effect of
PMF on IL-6-induced STATS activation. Scrambled siRNA
had no effect (Fig. 4C, right). These results indicate the
critical role of SHP-1 in PMF-induced suppression of in-
ducible STATS3.

SHP-1 siRNA Reduces PMF-Induced Apoptosis. We
showed above that SHP-1 plays a critical role in suppression
of STAT3 phosphorylation by PMF. Next, we examined
whether PMF has potential to induce apoptosis by live/dead
assay. If so, whether silencing of SHP-1 will affect PMF-
induced apoptosis was also investigated. We found that PMF
induced apoptosis by 30% and that knockdown of SHP-1
almost completely reversed the apoptotic effects of PMF (Fig.
4D, left).

Silencing of SHP-1 Abrogates the PMF-Induced
Down-Regulation of ERK1/2 and EGFR Activation.
Next, we examined whether silencing SHP1 would abrogate
the inhibitory effect of PMF on phosphorylation of ERK1/2
and EGFR. Although PMF inhibited the phosphorylation of
both ERK1/2 and EGFR, silencing SHP-1 abrogated this
inhibition (Fig. 4D, right). Scrambled siRNA, however had no
effect. These results suggest that SHP-1 may have a role in
PMF-induced suppression of ERK1/2 and EGFR activation.

PMF Suppresses the Expression of Proliferative
Gene Products. STAT3 activation has been linked with the
proliferation of tumor cells. This effect of STAT3 is mediated
through its ability to induce the expression of cyclin D1 and
c-myc, which is required for cell proliferation (Bromberg et
al., 1999; Aggarwal et al., 2006). We therefore examined the
effect of PMF on constitutive expression of cyclin D1 and
c-myc in U266 cells. Our results showed that PMF treatment
suppressed the expression of cyclin D1 and c¢-myc in a time-
dependent manner (Fig. 5A).

PMF Down-Regulates the Expression of Antiapop-
totic Gene Products. It has been shown that cell survival
gene products including Bcl-xL, Bcl-2, survivin, Mcl-1, and
cIAP-2 are regulated by STAT3 (Aggarwal et al., 2006).
Hence, whether down-regulation of STATS3 activation by
PMF leads to down-regulation of these gene products was
examined. The results showed that PMF inhibited the ex-
pression of Bel-xL, Bcl-2, survivin, Mcl-1, and cIAP-2 in a
time-dependent manner (Fig. 5B).

PMF Down-Regulates the Expression of VEGF. VEGF, a
major mediator of angiogenesis, is regulated by STAT3 acti-
vation. Therefore, we examined the effect of PMF on consti-
tutive VEGF expression in U266 cells. Our results show that
PMF inhibited the expression of VEGF in U266 cells in a
time-dependent manner (Fig. 5B).

PMF Blocks STATS3 Signaling Pathway 895

PMF Inhibits the Proliferation of MM Cells. Because
PMF suppressed the expression of STAT3-regulated cyclin
D1 and c-myc expression related to cell proliferation (Fig.
5A), whether PMF inhibits the proliferation of MM cells was
investigated. The results indicated that PMF at 50 uM sup-
pressed the proliferation of U266, RPMI8226, and MM1S
cells in a time-dependent manner (Fig. 5C).

PMF Causes the Accumulation of the Cells in the
Sub-G, Phase of the Cell Cycle. Next, we determined the
effect of PMF on cell cycle phase distribution. We found that
PMF caused significant accumulation of cells in the sub-G,
phase after treatment for 48 h (Fig. 5D).

PMF Activates Caspase-3 and Causes PARP Cleav-
age. Whether suppression of STAT3-regulated antiapoptotic
gene products and induction of apoptosis in U266 cells by
PMF is correlated with caspase activation was also exam-
ined. We found that PMF activated caspase-3 in a time-
dependent manner (Fig. 6A). It is noteworthy that PMF-
induced caspase-3 activation was completely suppressed
after silencing SHP-1 (Fig. 6B). PMF also led to the cleavage
of native PARP into 87-kDa fragments, which is a hallmark
of apoptosis (Fig. 6C). These results suggest that PMF-in-
duced apoptosis is mediated through caspase-3 pathway and
that SHP-1 may have a role in this pathway.

PMF Potentiates the Apoptotic Effect of Velcade and
Thalidomide in MM Cells. Because STAT3 activation has
been linked with chemoresistance, we investigated whether
PMF can reverse chemoresistance. Velcade, an inhibitor of
proteasome, and thalidomide, an inhibitor of tumor necrosis
factor expression, have been approved for the treatment of
MM in patients (Cavo, 2006). However, these drugs produce
several side effects, and the disease inevitably relapses in
most cases because the patients eventually develop resis-
tance to these drugs. Therefore, we examined whether PMF
can potentiate the effect of these drugs. As shown in Fig. 6D,
PMF significantly enhanced the apoptotic effects of thalido-
mide from 20 to 56% and of Velcade from 22 to 50%.

Discussion

Although STATS is a critical mediator of the oncogenic
phenotype of many cancers, it is disposable for the function of
most normal cells. A more effective response of the immune
system against the tumor is also mediated through the sup-
pression of STAT3 (Kortylewski et al., 2005). Thus, finding
effective inhibitors of STAT3 may provide useful targeted
agents for cancer therapy. In the present study, we report the
identification of a novel inhibitor of STAT3. We found that
PMF suppressed both constitutive and IL-6-inducible STAT3
activation through the activation of SHP-1 in parallel with
the inhibition of JAK1, JAK2, c-Src, and ERK1/2 activation.
PMF also induced apoptosis and down-regulated the expres-
sion of STAT3-regulated gene products, including cyclin D1,
c-myc, survivin, Mcl-1, Bcl-2, Bel-xL, cIAP-2, and VEGF.

Numerous hydroxylated polymethoxyflavones have been iso-
lated primarily from the Citrus genus such as nobiletin, tan-
geretin, artemetin, and sinensetin (Takanaga et al., 2000; Choi
et al., 2002; Xiao et al., 2009; Zheng et al., 2009), from the spice
thyme such as 5,4'-dihydroxy-6,7,3'-trimethoxyflavone, 5,4'-
dihydroxy-6,7,8,3'-tetramethoxyflavone, 5-hydroxy-6,7,8,3',4'-
pentamethoxyflavone, and luteolin and from Gardenia spp. and
other plants (Lichius et al., 1994; Shi et al., 1995; Tuchinda et
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al., 2004). Most of them showed cytotoxicity to various tumor
cells (Lichius et al., 1994; Shi et al., 1995; Tuchinda et al., 2004;
Sergeev et al., 2006; Xiao et al., 2009). How they produce the
cytotoxic effects is not well established. We found that this
flavone has the potential to inhibit STAT3 activation in MM
cells, as evident by STAT3 phosphorylation at Tyr?°®, by nu-
clear translocation, and by DNA binding. The inhibition was
transitory, however. We found that PMF also suppressed
STATS activation induced by IL-6, one of the many tumor cell
growth factors that activate STAT3 (Chatterjee et al., 2002).
Thus, our studies provide an insight into one possible mecha-
nism that the down-regulation of STAT3 may play a role in the
suppression of proliferation and induction of apoptosis by PMF
in MM cells.

How PMF inhibits activation of STAT3 was investigated in
detail. The activation of Janus-activated kinases has been
closely linked with STATS activation (Ihle, 1996), and we found
that PMF inhibited the activation of constitutively active JAK1

on days 0 to 5 to analyze the proliferation of
cells. Results represent the mean = S.D. of
three different experiments performed in
triplicate. *, P < 0.001 was considered statis-
tically significant. D, PMF causes signifi-
cant accumulation of multiple myeloma
cells in the sub-G, phase. U266 cells
(2 X 10%/ml) were treated with PMF for
48 h with different concentrations of
PMF, after which the cells were washed,
fixed, stained with propidium iodide,
and analyzed for DNA content by flow
" cytometry. *, significant against control
(p < 0.05).

25 50 100 PMF (um/L)

and JAK2 in MM cells. This is in agreement with a report
that 5-chloro-N,-[(1S)-1-(5-fluoropyrimidin-2-yl)ethyl]-N ,-(5-
methyl-1H-pyrazol-3-yl)pyrimidine-2,4-diamine (AZD1480), a
JAK2 inhibitor, can suppress STAT3 signaling and oncogenesis
(Hedvat et al., 2009). Besides JAK, c-Src has also been impli-
cated in STATS activation. PMF also inhibited c-Src activation.
In addition to phosphorylation at Tyr’®®, STAT-3 undergo phos-
phorylation at Ser”?” by mitogen-activated protein kinase fam-
ily proteins (Chung et al., 1997). The inhibition of ERK activa-
tion by PMF suggests its role in inhibiting STAT-3
phosphorylation at Ser”?’. We also investigated how PMF in-
hibits ERK activation. Several kinases including EGFR, AKT,
and JNK have been reported to function upstream to ERK. We
found that this flavone inhibited activation of EGFR and AKT.
Thus it is likely that PMF suppresses ERK activation through
inhibition of EGFR and AKT activation.

We also found that the PMF-induced inhibition of STAT3
activation involves a PTP. Numerous PTPs have been impli-
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cated in STATS signaling, including SHP-1, SHP-2, T-cell
PTP, PTEN, CD45, and PTP (Aggarwal et al., 2009). We
found that PMF induced SHP-1 that was correlated with a
down-regulation in constitutive STAT3 phosphorylation in
multiple myeloma cells. That the transfection with SHP-1
siRNA reversed the STATS3 inhibitory effect of PMF and
abolished apoptosis further confirms the role of this phospha-
tase in PMF-induced down-regulation of STAT3 activation.
In agreement with our observations, loss of SHP-1 has been
shown to enhance JAK3/STATS signaling in anaplastic lym-
phoma kinase-positive anaplastic large-cell lymphoma (Han
et al., 2006). It is noteworthy that the multikinase inhibitor
sorafenib was also found to inhibit STAT3 through activation
of a PTP (Yang et al., 2010a). In fact, the role of PTP was also
implicated in the action of sunitinib, another multikinase
inhibitor approved for the treatment of solid tumors, as an
inhibitor of STATS3 activation (Yang et al., 2010b). Two dis-
tinct promoters direct the expression of human (Banville et
al., 1995) and murine (Martin et al., 1999) SHP-1, and two
types of transcripts are initiated from the promoters. Al-
though how PMF induces SHP-1 was not investigated in the
present study, it is likely that PMF either directly or through
mediation of other regulatory proteins target SHP-1 promoters.
We also report for the first time that PMF suppresses the
expression of several STAT3-regulated genes, including pro-
liferative (cyclin D1 and c-myc) and antiapoptotic gene prod-
ucts (survivin, Mcl-1, Bel-xL, Bel-2, and cIAP-2) and an an-
giogenic gene product (VEGF). It is possible that the

70 -

with either scrambled or SHP-1-specific
siRNA (5 nM). After 48 h, cells were
treated with 100 uM PMF for 24 h at
37°C. Whole-cell extracts were prepared
and analyzed by Western blotting using
procaspase-3 antibody. C, PMF induces
caspase-3 activation and PARP cleavage.
U266 cells were treated with 100 puM
PMF for the indicated times, and whole-
cell extracts were prepared, separated on
SDS-PAGE, and analyzed by Western
blotting using PARP antibody. The same
blots were stripped and reprobed with
B-actin antibody to show equal protein
loading. D, PMF potentiates the apoptotic
effect of thalidomide and Velcade. U266
cells (2 X 10%/ml) were treated with 100
uM PMF and 10 ng/ml thalidomide or 20
nM Velcade alone or in combination for
24 h at 37°C, and the apoptosis was ana-
lyzed by the Live/Dead assay. *, signifi-
cant against untreated control; #, signifi-
cant against respective drug treated cells
at p < 0.05. The results shown are repre-
sentative of three independent experiments.

cytotoxic effects of PMF in various cancer cells (Lichius et al.,
1994; Shi et al., 1995; Tuchinda et al., 2004) are due to
suppression of these gene products.

Various tumors including MM express constitutively active
STAT3. We showed that PMF suppressed the proliferation of
the MM cells and induced sub-G; cell cycle arrest. In addi-
tion, this flavone was found to activate caspase-3 and PARP
cleavage and to induce apoptosis in MM cells, which is con-
sistent with previous reports that tangeretin (5,6,7,8,4’-pen-
tamethoxyflavone) induces G cell-cycle arrest and apoptosis
in HL-60 cells (Pan et al., 2002). Monodemethylated PMFs
increased the number of cells in the sub-G,/G; phases of the
cell cycle and down-regulated oncogenic proteins, and in-
duced apoptosis by activation of caspase-3 and cleavage of
PARP (Xiao et al., 2009). Likewise, hydroxylated PMFs were
dramatically more active in inducing Ca®*-mediated apoptosis
than nonhydroxylated PMF (Sergeev et al., 2006). However,
whether flavones, which are hydroxylated and methoxylated
at different positions, exhibit their activities through the
suppression of STATS3, is unclear at present.

In addition, PMF seems to inhibit tubulin polymerization
and impair microtubule stability (Shi et al., 1995; Zhang et
al., 1999). It has been demonstrated that the expression of
STATS is required for the stabilization of microtubules and
cell migration. STAT3 can interact with stathmin and regu-
late microtubule dynamics by antagonizing its polymeriza-
tion activity (Verma et al., 2009), and specific inhibition of
STATS3 activity inhibited stathmin interaction with STAT3
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and tubulin, thus disrupting its regulation of microtubule
dynamics (Glasmacher et al., 2006). These studies suggested
that STAT3 may have the potential as a therapeutic target
for various pathological conditions involving T-cell responses
including chronic inflammatory disease.

A proteasome inhibitor, ((R)-3-methyl-1-((S)-3-phenyl-2-(pyr-
azine-2-carboxamido)propanamido)butyl)boronic acid (PS341, also
called bortezomib or Velcade), and a tumor necrosis factor inhibi-
tor (thalidomide) were approved for the treatment of MM (Cavo,
2006). However, prolonged exposure leads to the development of
resistance and toxicity, and progression-free and overall survival
times are short. We found that PMF can potentiate the apoptotic
effect of bortezomib and thalidomide in multiple myeloma cells
and thus provide a sound basis for pursuing the use of PMF
further, either alone or in combination with other agents, to en-
hance treatment efficacy, reduce toxicity, and overcome the
chemoresistance of relapsed or refractory MM.

Overall, our results show that PMF inhibits both inducible
and constitutive STAT3 activation through the induction of
tyrosine kinase phosphatase, which makes it a potentially
effective suppressor of tumor cell survival, proliferation, and
angiogenesis. In present study, 100 uM PMF was used
against the cancer cell growth and proliferation. However, in
vivo study showed that PMF (at 75 mg/kg) has potential to
reduce tumor burden by 39% in colon in mice (Cai et al.,
2009). These results indicate that the above-used dose could
be clinically achievable. However, to extrapolate the present
results, further in vivo studies may be warranted to provide
important leads for using PMF as a treatment of cancer and
other proinflammatory diseases.
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