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Withacnistin inhibits recruitment of STAT3
and STATS to growth factor and cytokine
receptors and induces regression of breast
tumours
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Background: The binding of STAT3 and STAT5 to growth factor and cytokine receptors such as EGFR and IL-6 receptor gp130 is
critical to their activation and ability to contribute to malignant transformation. Therefore, interfering with these biochemical
processes could lead to the discovery of novel anticancer agents.

Methods: Co-immunoprecipitation, western blotting, microscopy, DNA binding, invasion, and soft agar assays as well as a mouse
model were used to investigate the mechanism by which the natural product Withacnistin (Wit) inhibits STAT 3/5 tyrosine
phosphoryaltion and activation.

Results: Wit blocks EGF- and IL-6-stimulated binding of STAT3 and STAT5 to EGFR and gp130. Wit inhibits EGF-, PDGF-, IL-6-,
IFNS-, and GM-CSF-stimulation of tyrosine phosphorylation of STAT3 and STAT5 but not of EGFR or PDGFR. The inhibition of
P-STAT3 and P-STATS occurred rapidly, within minutes of Wit treatment and growth factor stimulation. Wit also inhibits STAT3
nuclear translocation, DNA binding, promoter transcriptional activation, and it suppresses the expression levels of STAT3 target
genes such as Bcl-xL and Mcl-1. Finally, Wit induces apoptosis, inhibits anchorage-dependent and -independent growth and
invasion, and causes breast tumour regression in an ErbB2-driven transgenic mouse model.

Conclusions: These data warrant further development of Wit as a novel anticancer drug for targeting tumours that harbour
hyperactivated STAT3 and STATS.

Signal transducers and activators of transcription (STAT) proteins
are activated in response to various cytokines and growth factors
(GFs) to mediate specific cellular responses. The activation of
STAT proteins relies on their binding at the plasma membrane to
GF and cytokine receptors and subsequent tyrosine phosphoryla-
tion, either directly by the receptor tyrosine kinases (RTKs)
themselves (i.e., EGFR) or non-RTKs (i.e., Src or JAK) that are
associated with cytokine receptors such as gp130 (Darnell, 2002;
Yu et al, 2009). Upon phosphorylation, STATs dimerise via
reciprocal SH2-domain/phosphotyrosine interactions, localise to

the nucleus, bind to STAT-specific DNA response elements, and
induce transcription of their target genes. The biochemical roles of
the eight known STAT proteins (STATs 1A, 1B, 2, 3, 4, 5A, 5B, and
6) are diverse, ranging from development and cell differentiation
and proliferation to regulation of apoptosis and inflammation and
immune response (Darnell, 1997; Takeda et al, 1997; Yu and Jove,
2004).

Among the eight isoforms, STAT3 and STATS5 are found to be
persistently phosphorylated and hyperactivated in many human
cancers including lung, breast, colon, bladder, and other solid
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tumours, as well as haematological malignancies (Takeda et al,
1997; Sinibaldi et al, 2000; Yu and Jove, 2004). The constitutive
activation of STAT3 and STATS5 has been shown to have vital roles
in tumour proliferation, survival, and angiogenesis, as well as the
immune response of tumours (Shao et al, 2003; Wang et al, 2004;
Malin et al, 2010). The hyperactivation can occur through
upregulation of RTKs (e.g, EGFR), cytokine receptors (e.g.,
gp130), mutation of non-RTK (e.g., JAK), or gene translocation
resulting in abnormal fusion proteins (e.g., BCR-Abl) (Darnell,
2002; Coppo et al, 2003; Shao et al, 2003; Yu et al, 2009). In
addition to being constitutively activated, STAT3 and STATS5 are
required for malignant transformation of many human tumour
types. For example, suppression of STAT3 by either a dominant-
negative form (STAT3-f) or by siRNA induces apoptosis and
blocks proliferation, invasion, angiogenesis, and/or tumour growth
in vivo (Maritano et al, 2004; Dai et al, 2011). Similarly, inhibition
of STAT5 with pimodize decreases survival, induces apoptosis, and
suppresses cell proliferation of chronic myelogenous leukaemia
cells (Nelson et al, 2011). The prevalent hyperactivation of STAT3
and its requirement for malignant transformation led to the
development of many inhibitors that are being investigated
preclinically (Page et al, 2011; Debnath et al, 2012). These include
compounds that inhibit activators of STAT3, such as JAK2, and
phosphotyrosine peptide mimics that disrupt STAT3-STAT3
dimerisation (Chen et al, 2007; Zhang et al, 2010; Mandal et al,
2011; Zhang et al, 2012, 2013). In contrast, only few
STATS5 inhibitors have been developed (Bar-Natan et al, 2012;
Page et al, 2012).

Our efforts to identify STAT3 pathway inhibitors resulted in the
discovery of the natural product Withacnistin (Wit) that inhibits
tyrosine phosphorylation of STAT3 without inhibiting the
phosphorylation of JAK2, Src, Akt, Erk, or JNK (Sun et al, 2005;
Sun et al, 2008). Wit is a member of the withanolide family found
in such plants as Withania somnifera and Acnistus arborescens that
have been used for centuries as remedies for several ailments
including cancer (Groijourdy, 1864; F. Haussler, 1914; Kupchan
et al, 1969; Deepak Mundkinajeddu et al, 2014). Withacnistin was
identified by Kupchan et al (1969) from the leaves of Acnistus
arborescens (L.) Schlecht (Solanaceae) that were collected in Costa
Rica. In 2005, using a 96-well cytoblot to screen the NCI diversity
set for compounds that decrease the levels of STAT3 phosphoryla-
tion in MDA-MB-468 breast cancer cells, we identified Wit as a
potent hit (Sun et al, 2005; Sun et al, 2008). However, at present the
mechanism by which Wit inhibits STAT3 tyrosine phosphoryla-
tion has not been investigated. Furthermore, it is also not known
whether Wit inhibits tyrosine phosphorylation of STATS5, another
oncogenic STAT protein. In this manuscript, we show that Wit
rapidly inhibits not only basal levels of constitutively activated
STATS3 but also inhibits growth factor- (e.g., EGF and PDGF) and
cytokine- (e.g., IL-6, IFN-f and GM-CSF) stimulated STAT3 and
STATS5 tyrosine phosphorylation. We have also determined that
the mechanism by which this occurs is through inhibition of GF-
and cytokine-stimulated STAT3/ and STAT5/receptor binding
thus blocking their recruitment to the plasma membrane. We have
also shown that the inhibition by Wit of STAT/receptor binding
resulted in decreased tyrosine phosphorylation and subsequent
inhibition of nuclear translocation, DNA binding, transcription,
anchorage-independent growth, and invasion. Finally, we show in
an ErbB2-driven transgenic mouse model of mammary oncogen-
esis that Wit treatment induces tumour regression.

MATERIALS AND METHODS

Cell lines and reagents. All cell lines were obtained from ATCC
(American Type Culture Collection, Manassas, VA, USA). These

cell lines have not been authenticated. Human breast carcinoma
MDA-MB-468, human lung cancer A549, and murine fibroblast
NIH-3T3 cells were maintained in Dulbecco’s modified Eagle’s
medium (Life Technologies Corporation, Carlsbad, CA, USA)
supplemented with 10% fetal bovine serum (FBS), 10 mm sodium
pyruvate, 25mm HEPES, pH 7.5, 1000 Uml "' penicillin, and
1000 ugml ~ ' streptomycin. Human multiple myeloma U266,
RPMI 8226, and human erythroleukemia TF-1 cells were
maintained in RPMI 1640 Medium (Life Technologies Corpora-
tion) supplemented with 15% (for U266) or 10% (TE-1) FBS,
10mum sodium pyruvate, 25mm HEPES, pH 7.5, 1000 Uml '
penicillin, and 1000 ug streptomycin; in addition, TF-1 medium
was supplemented with 2ngml~' GM-CSF (Sigma-Aldrich,
St Louis, MO, USA).

Primary antibodies against pY705-STAT3, pY694-STATS,
STAT5, EGFR, pY1068-EGFR, and Bcl-xl were purchased from
Cell Signaling Technology (Danvers, MA, USA). Primary anti-
bodies against STAT3 (C-20), Mcl-1, and gp130 were purchased
from Santa Cruz Biotechnology (Santa Cruz, CA, USA).

Withacnistin. Original powder stocks of Withacnistin were
obtained from the National Cancer Institute Developmental
Therapeutics Program. Subsequent Withacnistin stocks were then
obtained from Dr Giselle Tamayo of the Instituto Nacional de
Biodiversidad in Costa Rica. Withacnistin was dissolved in DMSO
for use in these experiments. The purity of withacnistin used can
be found in (Sun et al, 2008) and Supplementary Materials at:
http://www.nature.com/onc/journal/v27/n9/suppinfo/1211028s1.
html?url=/onc/journal/v27/n9/full/1211028a.html

Growth factor and cytokine stimulation. For serum starvation of
MDA-MB-468 and U266, cells were incubated in the medium
specified without supplemental FBS. For TF-1 starvation, medium
contained neither FBS nor GM-CSFE. For NIH-3T3 cells, the
starvation medium consisted of the medium as described above,
replacing 10% FBS with 0.5% FBS. After starvation for 24-48h,
cells were then pretreated with desired concentrations of Wit in
serum-free medium containing 1 mgml ~' bovine serum albumin
(BSA) for the time indicated in the figure legends, then stimulated
for 10 or 30min with either 100ngml~ ! EGF (Millipore,
Billerica, MA, USA) for MDA-MB-468, 10ngml ' PDGEF-BB
(Life Technologies Corporation) for NIH-3T3, 10ngml ' IL-6
(Millipore) or 100Uml ' IFN-f (R&D Systems, Minneapolis,
MN, USA) for U266, or 2ngml~ ' GM-CSF for TE-1 cells. The
reaction was stopped by the addition of ice-cold phosphate-
buffered saline (PBS), pH 7.5.

Western blots. Cells were harvested and lysed for 30 min on ice
with occasional vortexing in 150 mm Hepes, pH 7.5, 150 mm NaCl,
1mM EDTA, 0.5% NP-40, 10% glycerol, 5mm NaF, 1 mm DTT,
1 mm phenylmethylsulfonyl fluoride (PMSF), 2mm Na;VO,, and
5ugml ™" leupeptin. Proteins readings were done using the
Bradford protein assay, and equal amounts of protein for each
sample were loaded into the wells of SDS-PAGE gels. After
separation, proteins were transferred to nitrocellulose and western
blots were performed as we did previously (Zhang et al, 2013).

Immunoprecipitation. MDA-MB-468 cells, U266 cells, and
RPMI 8226 cells were plated and grown to about 70% confluency
then starved as described above for 24 h. After starvation, cells were
pretreated for 5 min with 10 um Wit or with DMSO vehicle control
and then stimulated for 30min with 100ngml~' EGF or
100 ngml ' IL-6, or with PBS containing 1% BSA (EGF vehicle).
Reaction was halted, as above, with ice-cold PBS and cells were
lysed on the plates in a small volume of 10mm Tris, pH 7.5,
150 mm NaCl, 10% glycerol, 5mm EDTA, 1% Triton-X-100, 0.1%
SDS, 10 ugml~ ' aprotinin, 10 ugml ~ ' soybean trypsin inhibitor,
25 ugml ™~ 1 leupeptin, 2 mm PMSF, and 2 mm sodium orthovana-
date for 30 min on ice. Cells were scraped into microcentrifuge
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vials and spun at 13 000 g to clear the lysates. Protein readings were
done using the Bradford protein assay, then equal amounts of
protein were immunoprecipitated as we described previously
(Zhang et al, 2013).

STATS3 nuclear accumulation. MDA-MB-468 cells were plated at
4000 cells per well in eight-well chamber slides. The cells were
treated the following day with vehicle or Wit for 30 min at different
concentrations. Cells were starved and stimulated as described
above. Cells were fixed using cold methanol for 15 min, washed
with PBS three times, and permeabilised using 0.25% Triton-X-100
for 15 min. Specimens were then blocked in 1% BSA for 30 min
and incubated with indicated antibodies at 1:50 dilution at 4°C
overnight. Subsequently, cells were rinsed 4-5 times in PBS,
incubated with Alexa Fluor secondary antibody (Life Technologies,
Long Island, NY, USA) for 1h at room temperature in the dark.
Specimens were then washed five times with PBS, slides
mounted with VECTASHIELD mounting medium containing
4’,6-diamidino-2-phenylindole (DAPI) (Vector Laboratories Inc.,
Burlingame, CA, USA), and examined immediately under a Zeiss
Upright Fluorescence Microscope (Zeiss, Thornwood, NY, USA).

Nuclear extract preparation and STAT3 filter plate assay.
Nuclear extract preparation was carried out as previously described
(Zhang et al, 2010).The STAT3-DNA-binding filter plate assay
was performed following the manual of the filter plate assay kit
(Signosis, Sunnyvale, CA, USA), as described previously (Zhang
et al, 2013). The TF-Binding buffer was mixed with the STAT3
probe (biotin-labelled STAT3-DNA-binding sequence) and
nuclear extract and incubated at 16°C for 30 min to form the
STAT3-DNA complex. The STAT3-DNA complex was then
separated from free probe by using a filter plate. After several steps
of binding and washing, bound STAT3 probe is retained on the
filter and the free DNA probe is removed. The bound pre-labelled
STATS3 probe was then eluted from the filter plate by centrifuga-
tion with elution buffer. Eluted probes were then hybridised into
96-well hybridisation plates for quantitative analysis. The captured
STAT?3 probe was detected by reaction with streptavidin-HRP. The
chemiluminescence of each well was read using 2104 EnVisionR
Multilabel Reader (Perkin Elmer, Waltham, MA, USA) within
5min after mixture with substrates.

STATS3 transcriptional activity. MDA-MB-468 cells were plated
into 12-well plates at a density of 4 x 10° cells per well. The cells
were transiently transfected with pLucTKS3/f-gal or pLucSRE/f-
gal, and then were treated with vehicle and Wit for 48h. Then
cytosolic extracts of equal total protein were prepared from Wit-
treated or -untreated cells and analysed for luciferase activity using
a TD-20/20 luminometer (TurnerDesigns, Sunnyvale, CA, USA)
described by us previously (Zhang et al, 2013).

Anchorage-independent growth by soft agar assay. Soft agar
colony formation assays were performed in 12-well plate as
described previously (Zhang et al, 2013). Briefly, cells were seeded
at 2000 cells per well in regular growth media containing 0.3% agar
(Sigma, St Louis, MO, USA) and Wit was added the following day.
Colonies were allowed to grow for 3-4 weeks, and quantified by
staining with 1 mgml ~" MTT (Sigma) overnight.

Invasion assay. Invasion assay was performed in BD BioCoat
Matrigel Invasion Chamber (BD Biosciences, San Jose, CA, USA)
in 24-well plates. MDA-MB-468 cells were seeded at 25000 cells
per insert in the top chamber over the Matrigel. The bottom
chamber contained 20% FBS as the chemoattractant. Vehicle and
Wit were added the following day. The cells were incubated for
48h, after which the cells in the top chamber were carefully
removed and the filter membranes containing the invaded cells on
the outside of the filter were fixed with methanol, stained with
crystal violet, and photographed.

TUNEL assay. MDA-MB-468 cells were treated with increasing
concentrations of Wit for either 24 or 48 h. After treatment, cells
were harvested by trypsinisation and counted using the Trypan
blue exclusion assay. Cells (75000) were spun onto slides using a
Cytospin centrifuge. After fixing cells to the slides with 4%
paraformaldehyde in PBS (pH 7.5) for 1h at room temperature,
cells were labelled for apoptotic DNA strand breaks by TUNEL
(Terminal deoxynucleotidyl transferase dUTP Nick-End Labelling)
reaction using an in situ cell death detection kit, fluorescein (Roche
Applied Science, Indianapolis, IN, USA), according to the
manufacturer’s instructions. Slides were mounted in Vectashield
mounting medium (Vector Laboratories) containing DAPI to
counterstain DNA. Fluorescein-labelled DNA strand breaks
(TUNEL-positive cells) were then visualised using a fluorescence
microscope (Leica Microsystems Inc., Bannockburn, IL, USA), and
pictures were taken with a digital camera (Diagnostic Instruments
Inc., Sterling Heights, MI, USA). TUNEL-positive nuclei were
counted and compared with DAPI-stained nuclei to determine the
percentage induction of apoptosis by 10 um Wit compared with
control-treated cells.

Antitumour activity in the ErbB2 mouse tumour model.
MMTV/Neu transgenic mice (FVB/N-Tg(MMTVneu)202
Mul/]) were purchased from Jackson Laboratory (Bar Harbor,
ME, USA) and bred to produce multiple litters for colony
maintenance. Female mice were palpated once each week for
mammary gland tumour nodules as described by us previously
(Balasis et al, 2011). At the time of tumour onset, orthogonal
measurements were taken 2-3 times per week and the tumour
volume calculated using the formula: V= (a*b)/2, where ‘@’ and
‘> are defined as the smaller and larger measurements,
respectively. Drug treatment was initiated when the tumours
grew to about 1200-2400 mm® and treatment lasted up to 14
days. Wit was administrated to ErbB2 tumour-bearing mice by
i.p. injections at a dosage of 20 mpk per day. There was no
evidence of gross toxicity in the drug-treated animals as
measured by weight loss. All methods involving mice were
approved by the Institutional Animal Care and Use Committee
of the University of South Florida.

RESULTS

Withacnistin (Wit) inhibits EGF- and IL-6-stimulated STAT3
and STAT5 recruitment to EGFR and gpl30 receptors.
Previously, we showed that Wit inhibits the constitutive levels
of tyrosine-phosphorylated STAT3 in human tumours where
STATS3 is hyperactive. However, the mechanism by which Wit
reduces P-Tyr-STATS3 levels is not known. Furthermore, whether
Wit also interferes with signalling of STAT5, another STAT
protein involved in oncogenesis is not known. To address these
important questions, first we determined whether Wit could
interfere with the ability of growth factors such as EGF to
stimulate the tyrosine phosphorylation of STAT3 and STATS5. To
this end, we pretreated serum-starved MDA-MB-468 breast
cancer cells with Wit for increasing lengths of time before EGF
stimulation, and processed the cells for western blotting as
described under Materials and Methods. Figure 1A shows that in
the absence of Wit, EGF stimulated the tyrosine phosphorylation
of both STAT3 and STATS5. Pretreatment with Wit for as little as
2-10 min inhibited EGF-stimulated STAT3 tyrosine phosphor-
ylation partially, and complete inhibition occurred within
15-30 min. Figure 1A also shows that Wit pretreatment was
able to inhibit EGF-stimulated STAT5 tyrosine phosphorylation
but this effect was delayed relative to the inhibition of STAT3
phosphorylation with complete inhibition not occurring until
60-120 min.
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Figure 1. Withacnistin inhibits EGF- and IL-6-stimulated EGFR and gp130 receptor recruitment and subsequent tyrosine phosphorylation of

STAT3 and STATS. (A) MDA-MB-468 cells were serum starved for 48 h and pretreated with Wit for the indicated times then stimulated with EGF at
100ng ml =" for 10 min. Cells were then harvested and run for western blot analysis as described under Materials and Methods. (B) MDA-MB-468
cells were serum starved for 24 h and pretreated with Wit at increasing concentrations for 5 min, and then stimulated with EGF at 100ngml ~" for
30min. Cells were then harvested and run for co-immunoprecipitation analysis as described under Materials and Methods. (C) U266 and (D) RPMI
8226 cells were serum starved for 24 h and pretreated with Wit for 5min, and then stimulated with IL-6 at 10ngml " for 30 min. S3I designates
S31-1757, a control STAT3-EGFR association inhibitor. ‘C" designates non-starved cells growing in 10% serum. The data in A-D are representative

of three independent experiments each.

The fact that Wit required only a few minutes of treatment to
have its effects and after only 10 min of EGF stimulation suggested
that Wit may inhibit STAT3 and STATS5 tyrosine phosphorylation
by interfering with an early step in EGF signalling. We reasoned
that one possibility could be that Wit inhibits growth factor-
stimulated binding of STAT3 and STATS5 to growth factor
receptors. To investigate this mechanism, we performed co-
immunoprecipitation studies. To this end, MDA-MB-468 cells
were starved for 24 h, pretreated for 5min with Wit, and then
stimulated with EGF before immunoprecipitating with EGFR and
blotting with STAT3 and STATS5 as described under Materials and
Methods. Figure 1B shows that treatment of MDA-MB-468 cells
with EGF in the absence of Wit stimulated STAT3 and STAT5
binding to EGFR. Pretreatment with Wit inhibited the binding of
STAT3 and STAT5 to EGFR in a concentration-dependent
manner. Treatment with the selective STAT3 inhibitor, S31-1757
(Zhang et al, 2013), inhibited EGF-stimulated STAT3 but not
STATS5 binding to EGFR. To determine whether Wit is able to
interfere with cytokine-stimulated binding of STAT3 to their
receptors, we pretreated starved U266 and RPMI8226 multiple
myeloma cells with Wit, and then stimulated them with IL-6 before
immunoprecipitating with the IL-6 receptor gp130 and blotting
with STAT3. Figure 1C and D show that stimulation with IL-6
increased the levels of STAT3 that co-immunoprecipitated with
gpl30 in U266 and RPMI8226 cells, respectively, and that
treatment of these cells with Wit inhibited the binding of STAT3
to gp130. Therefore, these results demonstrate that receptor-STAT
interaction in intact cells was disrupted by Wit, and suggest that
the ability of Wit to inhibit STAT3 and STAT5 tyrosine
phosphorylation is at least in part due to inhibition of the
recruitment and association of these STAT proteins with growth
factor and cytokine receptors.

Wit inhibits EGF-, PDGF-, IFN-f-, IL-6-, and GM-CSF-
stimulation of STAT3 and STATS5 tyrosine phosphorylation.
We next sought to determine whether the effects of Wit were
limited to EGF and IL-6 stimulation of STAT3 and/or STAT5
tyrosine phosphorylation. To this end, we first chose human and
murine cell lines in which growth factors or cytokines are known to
stimulate STAT3 phosphorylation. Starting with MDA-MB-468
cells, a human breast cancer cell line where EGF is known to
induce STAT3 phosphorylation, we demonstrated as shown in
Figure 2A, that Wit inhibited EGF-stimulated tyrosine phosphor-
ylation of STATS3, with an ICs, of about 1-3 um. Wit, however, did
not affect the ability of EGF to stimulate EGFR autophosphoryla-
tion. Furthermore, Figure 2A also shows that pretreatment with
Wit of starved NIH-3T3 cells before stimulation with PDGF-BB
inhibited PDGF stimulation of STAT3 tyrosine phosphorylation.
Importantly, Wit did not inhibit PDGF-stimulated PDGFR
tyrosine autophosphorylation. We next used the U266 human
multiple myeloma cell line, where IL-6 and IFN-f stimulate
STAT3 phosphorylation. Figure 2A shows that IL-6- and IFN-f-
stimulated STAT3 tyrosine phosphorylation was also inhibited by
Wit in U266 cells. The effect of Wit was more potent after IL-6
stimulation than after IFN-f stimulation. Finally, Figure 2A shows
that Wit also inhibited potently the ability of GM-CSF to stimulate
STATS3 tyrosine phosphorylation in TF-1 cells.

We then expanded these studies to the effects of Wit on EGF-,
PDGEF-, IL-6, and GM-CSF-stimulation of STATS5 tyrosine
phosphorylation as described above for STAT3. EGF, PDGF,
IL-6, and GM-CSF are known to stimulate STAT5 phosphoryla-
tion in MDA-MB-468, NIH-3T3, U266, and TF-1 cells,
respectively. Figure 2B shows that pretreatment of MDA-MB-
468, NIH-3T3, U266 and TF-1 cells with Wit before treatment
with EGF, PDGF, IL-6, and GM-CSF, respectively, inhibited
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Figure 2. Withacnistin inhibits EGF-, PDGF-, IFN-f-, and GM-CSF-stimulated tyrosine phosphorylation of STAT3 and STATS. (A) Cells were serum
starved for 48 h and pretreated with Wit at increasing concentrations for 2h, and then stimulated for 10 min with EGF at 100ng ml =" for 10 min
(MDA-MB-468 cells), IL-6 at 10ngml 1 (U266 cells), GM-CSF at 2ng ml =" (TF-1 cells), IFN-$ at 1000 U ml =" (U266 cells), and PDGF-BB at
10ng ml~" (NIH-3T3 cells). The cells were then harvested and processed for western blotting with the indicated antibodies as described under
Materials and Methods. (B) Cells were serum starved and pretreated with Wit as above, and then stimulated with EGF at 100 ng ml ~1 for 10 min
(MDA-MB-468 cells), IL-6 at 10ngml ~1 (U266 cells), GM-CSF at 2 ngml ~1(TF-1 cells), and PDGF-BB at 10 ngml =1 (NIH-3T3 cells). The cells were
then harvested and processed for western blotting with the indicated antibodies as described under Materials and Methods. The data in A and B
are representative of at least three independent experiments for each panel.

growth factor and cytokine stimulation of STATS5 tyrosine
phosphorylation.

Wit inhibits P-STAT3 nuclear translocation, STAT3 DNA-
binding activity, transcriptional activity, and expression of
STAT3 downstream genes. The translocation of phosphorylated
STAT3 from cytosol to the nucleus is required for STAT3 to
regulate its target genes. The fact that Wit was able to inhibit
receptor-STAT3 interaction (Figure 1) suggests that it would also
inhibit nuclear accumulation of tyrosine-phosphorylated STAT3.
To investigate this possibility, starved MDA-MB-468 cells were
pretreated for 5min with Wit before stimulation with EGF for
30 min. The cells were then fixed and subjected to immunofluor-
escence staining using a specific p-Tyr-705-STAT3 primary
antibody and AlexaFluor 594 secondary antibody in mounting
medium containing DAPI to stain the nuclei as described under
Materials and Methods. Figure 3A shows that in starved cells some
tyrosine-phosphorylated STAT3 is present. In the absence of Wit,
EGF stimulation resulted in a robust increase in tyrosine-
phosphorylated STAT3, which was localised predominantly in
the nucleus. In contrast, the levels of P-STAT?3 in the nucleus were
decreased in Wit-treated cells in a concentration-dependent
manner, indicating that Wit inhibited EGF-stimulated P-STAT3
nuclear translocation. The control STAT3 inhibitor S3I-1757
(Zhang et al, 2013) potently inhibited EGF-stimulated P-STAT3
nuclear translocation.

The ability of Wit to inhibit STAT3-receptor binding, tyrosine
phosphorylation, and P-STAT3 nuclear accumulation would be
predicted to result in blocking STAT3-DNA binding. To evaluate
this possibility, MDA-MB-468 cells were treated with vehicle or
Wit at increasing concentrations for 2 h. The nuclear extracts were
collected for STAT3-DNA binding activity using a STAT3 filter
plate assay as described under Materials and Methods. Figure 3B
shows that nuclear extracts from vehicle-treated cells contained
activated STAT3 capable of binding the biotin-labelled STAT3-
DNA binding probe. In contrast, the nuclear extracts from Wit-
treated cells contained less-activated STAT3 capable of binding the

STAT3-DNA binding probe in a concentration-dependent man-
ner. The STAT3 inhibitor S31-1757 (Zhang et al, 2013) was used as
a control.

We next evaluated the ability of Wit to inhibit STAT3-
dependent transcriptional activation using luciferase reporter
assays. To this end, MDA-MB-468 cells were transiently
co-transfected with a STAT3-responsive promoter-firefly luciferase
reporter (pLucTKS3) and f-gal reporter used to normalise the
transfection efficiency. To determine the selectivity of Wit to
suppress STAT3-dependent over STAT3-independent transcrip-
tional activation, MDA-MB-468 cells were also co-transfected with
SRE promoter-renilla luciferase reporter (pLucSRE) and f-gal
reporter. Figure 4A shows that compared with mock transfected
cells, cells transfected with the STAT3-responsive reporter
(pLucTKS3) had increased luciferase activity in the absence of
drug treatment. Less luciferase activity was observed when the cells
were treated with Wit. Wit inhibited STAT3-dependent but not
STAT3-independent transcriptional activity as demonstrated by
the minimal effect it had on SRE-driven luciferase activity
(Figure 4A).

Having demonstrated that Wit inhibits STAT3 activation by
blocking its binding to receptors, subsequent depletion of nuclear
accumulation of P-STATS3, and loss of STAT3-DNA binding and
transcriptional activity, we next determined whether the ability of
STATS3 to regulate the expression of its target genes is affected by
Wit. To this end, MDA-MB-468 cells were treated with vehicle and
increasing concentrations of Wit and then processed for western
blotting as described under Materials and Methods. Figure 4B
shows that as Wit inhibited the phosphorylation of STAT3 and
STATS5 in a concentration-dependent manner starting at 3 um; the
expression of STAT3 target genes, such as the anti-apoptotic
proteins Bcl-xL and Mcl-1, was also inhibited.

Treatment with Wit induces cancer cell apoptosis, inhibits
cancer cell invasion and anchorage-dependent and -independent
growth. Having determined that Wit prevents the activation of
STATS3 by blocking its ability to associate with the EGF receptor in
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slides overnight, serum starved for 24 h, pretreated with Wit at the indicated concentration for 2 h, and then stimulated with EGF at 100 ng ml ~or
30min. The cells were fixed using methanol for immunofluorescence analysis as described in Materials and Methods. (B) MDA-MB-468 cells were
treated with either vehicle or Wit for the indicated time and the nuclear extracts were isolated from the treated cells as described in Materials and
Methods. The nuclear extracts were then incubated with a biotin-labelled STAT3-DNA binding probe and the complexes were isolated using a
STAT3-DNA-binding assay as described under Materials and Methods. The data in A and B are representative of two and three independent

experiments.
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Figure 4. Withacnistin inhibits STAT3 transcriptional activity and
expression of downstream target genes. (A) MDA-MB-468 cells were
transiently transfected with pLucSRE or pLucTKS3 along with f-gal
reporter genes and were then treated with vehicle or Wit as indicated. The
cytosolic extracts were prepared and analysed for luciferase activity as
described in Materials and Methods. C and M designate control and mock
transfection, respectively. (B) MDA-MB-468 cells were treated for 24 h with
the indicated concentrations of Wit and processed for western blotting
with the indicated antibodies as described in Materials and Methods. S3I
designates S3I-1757, a control STAT3 inhibitor. The data in A and B are
representative of three and two independent experiments, respectively.

MDA-MB-468 cells, we next sought to determine whether the
inhibition of STAT3 signalling with Wit leads to inhibition of
malignant transformation. To this end, we determined the effects
of Wit on apoptosis, anchorage-dependent and -independent
growth, invasion, and tumour growth in vivo. Figure 5A shows that
in MDA-MB-468 cells, Wit induced apoptosis (TUNEL-positive
cells) in a concentration-dependent manner. We next determined
the effect of Wit on anchorage-dependent and -independent
growth by MTT and soft agar assays, respectively. Cell invasion
assays were performed in the BD BioCoat Matrigel Invasion
Chamber as described under Materials and Methods. Figure 5B
shows that Wit inhibited the ability of MDA-MB-468 cells to
invade in a dose-dependent manner with an ICsy value of 3 um.
Similarly, Wit also inhibited the ability of MDA-MB-468 cells to
grow in soft agar, but the effects of Wit on soft agar growth were
more potent than those on invasion (Figure 4C). This potent effect
of Wit was also seen in another cell line, the lung cancer cell line
A549 (Figure 5D). Wit also inhibited the ability of MDA-MB-468
cells to grow in an anchorage-dependent manner in plastic
(Supplementary Figure SI).

Wit significantly induces breast tumour regression in ErbB2
transgenic mice. We next determined the effect of Wit on breast
tumour growth in vivo in a transgenic mouse model in which
mammary tumour development is driven by ErbB2, a RTK known
to activate both STAT3 and STATS5. To this end, we treated these
transgenic mice i.p. either with vehicle or Wit (20 mpk per day)
and determined the tumour volume every other day as described
under Materials and Methods. The percent change in tumour
volume was calculated for each mouse based on the tumour
volume on the last day of treatment (Tr—see Supplementary Table
S1) relative to that on the day of initiation of treatment (T,_see
Supplementary Table S1). As shown in Figure 5E; Supplementary
Table S1, on average, tumours from mice treated with vehicle grew
by 48.6+19.6%, whereas those from mice treated with Wit
regressed by an average of 22.5%7.2% over the treatment period
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Figure 5. Withacnistin induces cancer cell apoptosis, inhibits cell invasion and anchorage-independent growth, and causes breast tumour

regression in ErbB2 transgenic mice. (A) MDA-MB-468 cells were treated with Wit at the indicated concentration as described in Materials and
Methods. The cells were fixed and the TUNEL assay was performed to determine apoptosis as described under Materials and Methods. The fold
apoptosis induction was calculated by dividing the % of TUNEL-positive cells in the Wit-treated samples by those in the vehicle-treated samples.
The % of TUNEL-positive cells in the vehicle-treated samples was 2.6 £ 1.1%. (B) MDA-MB-468 cells were seeded over Matrigel in the top chamber
of invasion well inserts. Cells were treated for 48 h with vehicle or Wit, and the invaded cells were fixed with methanol, stained with crystal violet,
and photographed as described under Materials and Methods. MDA-MB-468 (C) and A549 (D) cells were seeded into 12-well plates in regular
growth media containing 0.3% agar; Wit was added the following day, and colonies were allowed to grow for 3-4 weeks as described in Materials
and Methods. The data in A-D are representative of three independent experiments each. (E) The sizes of the breast tumours from the ErbB2

transgenic mice were followed by orthogonal measurements 2-3 times per week, and the tumour volume calculated using the formula: V= (ab)/2,
where ‘a’ and ‘b’ are defined as the smaller and larger measurements, respectively. Drug treatment was initiated when the tumours grew to about
1200-2400 mm? and treatment lasted up to 14 days. Wit (20 mpk per day) was administered i.p. into tumour-bearing mice. The percent change in
tumour volume was calculated based on the tumour volume on the day of measurement relative to that on the day of initiation of treatment (To—

see Supplementary Table S1) for each mouse tumour.

(P=0.0032) (Figure 5E; Supplementary Table S1). The treatments
with vehicle and Wit did not result in any significant changes in
body weight suggesting that Wit was non-toxic (Supplementary
Table S2).

DISCUSSION

Tyrosine phosphorylation of STAT3 and STATS5, which results in
their activation, requires the rapid recruitment of these STAT
proteins to growth factor and cytokine receptors following
stimulation of cells with growth factors such as EGF or cytokines
such as IL-6 (Darnell, 1997; Yu and Jove, 2004; Yu et al, 2009). For
example, EGF binding to EGFR results in receptor dimerisation
and cross-phosphorylation on tyrosine residues, which serve as
binding sites for the recruitment of STAT3 and STAT5 to EGFR,
and subsequent phosphorylation of the STAT proteins by this RTK
(Shao et al, 2003; Ferbeyre and Moriggl, 2011). Similarly, IL-6
binding to its receptor gpl30 results in recruitment of STAT
proteins as well as non-RTKs Src and JAK that phosphorylate
STAT3 and STAT5 (Darnell, 2002; Schust and Berg, 2004; Schust
et al, 2006; Ferbeyre and Moriggl, 2011). In the work described
here, we have discovered that the natural product small-molecule

Wit inhibits the tyrosine phosphorylation of STAT3 and STAT5 by
blocking the EGF- and IL-6-stimulated binding of EGFR and
gp130 to STAT3 and STATS5. The fact that only a few minutes of
treatment were necessary for Wit to rapidly inhibit EGF
stimulation of P-STAT3 and P-STATS5 is consistent with inter-
ference with this early step of STAT/receptor binding. Further-
more, the finding that Wit did not inhibit EGF-stimulated EGFR
tyrosine cross-phosphorylation indicates that Wit does not inhibit
earlier upstream steps of growth factor receptor activation such as
EGF binding to its receptor or the tyrosine kinase activity of EGFR.
Therefore, Wit suppresses STAT3 and STATS5 tyrosine phosphor-
ylation by inhibiting the recruitment of STAT3 and STATS5 to
EGFR, downstream of EGF binding to its receptor, and the
subsequent EGFR tyrosine kinase activation. Wit’s ability to block
the recruitment of STAT3 and STAT5 to EGFR and gp130 could
be due to direct binding of Wit to the STAT proteins and/or the
receptors, but confirmation of this would require physical methods
such as X-ray crystallography, nuclear magnetic resonance, ITC
microcalorimetry or SPR Biacore. Alternatively, Wit could bind
and interfere with a scaffolding protein required for receptor
signalling complex formation. Chemical proteomic approaches
involving mobilising Wit onto an affinity solid matrix and
identifying the bound proteins from cellular lysates by mass
spectrometry may be required for identifying the biochemical
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target/s for Wit that are involved in its ability to interfere with
STAT-receptor binding.

The demonstration that Wit inhibits the activation of both
STAT3 and STATS5 following stimulation with a multitude of
growth factors and cytokines (e.g., EGF, PDGF, IL-6, GM-CSF, and
INEF-f3) suggests that this natural product may be effective against a
broad spectrum of human tumours. Indeed, a large number of
human cancers harbour persistently tyrosine-phosphorylated,
hyperactivated STAT3 and/or STAT5 due to overexpression or
mutation of RTKs and non-RTKs such as EFGR, PDGFR, BCR-
Abl, Src, and JAK2. For example, EGFR is commonly over-
expressed and contributes to the malignancy of a variety of human
cancers, notably lung and breast cancers (Sharma et al, 2007; Arora
et al, 2008), while PDGF/PDGFR and IL-6/gp130 autocrine loops
have pivotal roles in glioblastoma (Dunn et al, 2012) and multiple
myeloma (Coluccia et al, 2008) malignancies, respectively.
Furthermore, hyperactivation of the non-RTKs Abl (through the
BCR-ADI fusion) and JAK2 (through mutation) contributes to
several haematological malignancies (Harry et al, 2012). Finally,
the GM-CSF activation of the JAK/STAT pathways has been
implicated in angiogenesis, a step required for the survival of the
majority of human tumours (Faderl et al, 2003).

The ability of Wit to interfere with STAT/receptor binding and
subsequent tyrosine phosphorylation predicts that it would inhibit
their biological activities. Indeed, Wit was very effective at
inhibiting STAT3 nuclear translocation, DNA binding, transcrip-
tional activity, and regulation of target genes. Furthermore,
inhibition of STAT3 activation by Wit resulted in induction of
apoptosis and inhibition of anchorage-independent growth and
invasion, malignant hallmarks to which STAT3 has a known
contribution. Finally, Wit treatment also induced regression of
ErbB2-driven mammary tumours in an in vivo transgenic mouse
model. This is an extremely important finding as ErbB2-driven
cancers are known to require STAT3 and STATS5 (Hawthorne et al,
2009; Ward et al, 2013). Furthermore, ErbB2 overexpression is
prevalent in tumours from breast cancer patients, and is associated
with tumour aggressiveness, resistance to therapy, and poor patient
survival (Hynes and Lane, 2005).

In summary, we have discovered that the small-molecule
natural product Wit inhibits the recruitment of STAT3 and
STAT5 to growth factor and cytokine receptors, tyrosine
phosphorylation, nuclear translocation, and DNA binding, result-
ing in STAT3 and STATS5 inactivation and inhibition of malignant
transformation both in cultured cells as well as in vivo. These
findings warrant further advanced preclinical studies of Wit as an
anticancer drug with the potential of broadening the treatment
spectrum of human cancers that harbour persistently activated
STATS3 and/or STATS5.
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