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Abstract

Metastasis and disease relapse are hypothesized to result from tumor initiating cells (TICs). Previously, we have defined
a CD44+/CD242/low mammosphere-forming tumorigenic 493-gene signature in breast cancer. Stat3 was identified as
a critical node in self-renewal based on an ongoing lentiviral shRNA screen being conducted in two breast cancer cell lines
SUM159 and BT549. In corroborating work, targeting the SH2 domain of Stat3 with a novel small molecule decreased the
percentage of cells expressing TIC markers (CD44+/CD242/low and ALDH+) and mammosphere formation in p-Stat3
overexpressing human breast cancer xenografts in SCID-beige mice. Importantly, we observed a four-fold improvement in
the 30-day recurrence-free survival relative to docetaxel alone with the addition of the Stat3 inhibitor in the chemoresistant
tumor model. Thus, these findings provide a strong impetus for the development of selective Stat3 inhibitors in order to
improve survival in patients with p-Stat3 overexpressing tumors.
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Introduction

Despite significant advances in breast cancer biology and

a multitude of clinical trials, progress in the treatment of advanced

breast cancer, has been limited. Clinical trials to date have been

based on a model of carcinogenesis best described as random or

‘‘stochastic’’ in which all cells within a tumor are considered more-

or-less equally malignant. The tumor-initiating cell (TIC) hypoth-

esis is a fundamentally different model in which it is proposed that

a sub-population of cells retains key stem cell properties, including

self-renewal, which initiates and drives tumor formation.

Recent research by our group and others has provided strong

support for the TIC model, which provides a mechanism for

resistance to conventional treatment, as well as an explanation for

relapse and metastases. Our group had shown that TICs are

intrinsically therapy resistant; residual tumors after chemotherapy

are enriched for tumorigenic CD44+/CD242/low cells [1,2], which

show enhanced mammosphere-forming efficiency (MSFE) [3] and

display accelerated outgrowth in xenograft transplants in immu-

nocompromised SCID/Beige mice [4]. In addition, we identified

a tumorigenic signature of 493 differentially expressed genes

comprising the overlap of two enriched tumor-initiating cell

populations (CD44+/CD242/low vs. bulk tumor cells and

mammospheres vs. primary tumor) using biopsies obtained from

women with primary breast cancer [2].

The main goals of this paper are: 1) to identify key regulatory

pathways responsible for self-renewal based on ingenuity analysis

of the 493 gene tumorigenic signature and an ongoing shRNA

knowdown screen of this signature and the effects on mammo-

sphere forming efficiency (MSFE), a surrogate in vitro assay for

stem cell self-renewal, in two triple negative claudin-low like tumor

cell lines (SUM159 and BT549) (Asterand Inc, MI, USA and

ATCC, Maryland USA respectively) that have increased expres-

sion of many genes present in the TIC signature based on

microarray analysis of these cell lines (data not shown), and 2) to

examine the effect of targeting one of the identified pathways using

a novel small molecule Stat3 inhibitor in two human cancer in

mouse xenograft models, which have been well characterized and

shown to mimic triple negative human breast cancer. Stat3 (Signal

transducer and activator of transcription 3) is an oncogene

activated in many cancers including breast, prostate, lung, head

and neck and colon, liver, pancreas, and multiple myeloma

[5,6,7]. Using the structure of the phosphotyrosyl peptide binding

pocket within the Stat3 Src homology (SH) 2 domain in a virtual

ligand screen, we recently identified a small molecule inhibitor,

C188 that blocks two steps in Stat3 activation–receptor re-
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cruitment and homodimerization [8]. C188 was tested in vivo in

two different triple negative breast cancer human xenograft

models in SCID beige mice to determine the effects of Stat3

inhibition alone and in combination with chemotherapy. These

‘‘human-cancer-in-mouse’’ breast cancer xenograft model systems

were derived directly from primary patient tumors into immuno-

compromised mice, and thus results obtained from these models

may be translated to human disease. Our results demonstrate that

C188 reduced tumor volume in combination with chemotherapy,

decreased TICs resulting in reduction in tumor recurrence rates

when compared to chemotherapy alone.

Results

Ingenuity analysis identifies Stat3 as an important target
in TIC self renewal
Ingenuity analysis of the 493-gene tumorigenic gene signature

was performed to identify the key nodes and players involved in

TIC self renewal. Along with other factors, Stat3 was identified as

an important target for TICs (Figure 1A). Further, in ongoing

screen of lentivirally expressed shRNAs (pGIPZ-shRNAmir

library, Open Biosystems) to disrupt function of candidate

regulators of tumor-initiating cells, we identified shRNAs targeting

Stat3 decreased mammosphere formation efficacy (MSFE). The

shRNAs were tested in two claudin-low cell lines (SUM159 and

BT549) using a high throughput 96-well MS formation assay

(Figure S1 and Procedures S1). Additionally, we tested three

lentivirally targeted Stat3 shRNAs in SUM159 (Fig. 1B) and found

that these shRNAs decreased pStat3 levels in 72 hrs. This was

associated with a corresponding decrease in MSFE in 4 days. A

selective Stat3 inhibitor C188 was tested for effect on MSFE on

SUM159 and BT549 cell lines. A significant decrease in MFSE

was observed 4 days after treatment, with C188 in both triple

negative breast cancer cell lines (Fig. 1C).

Effect of Stat3 inhibition and chemotherapy on tumor
volume and the TIC fraction in chemoresistant BCM2665
xenograft model
Female SCID Beige mice (36 mice, 9 mice per treatment arm)

were transplanted with small fragments (,1 mm3) of BCM2665

tumors, which were allowed to grow to ,100–1000 mm3.

Resulting tumor-bearing mice were then randomized into the

four arms, namely vehicle, docetaxel (20mg/kg), Stat3 inhibitor

(C188) (12.5 mg/kg), and the inhibitor+docetaxel combination.

Tumor volume was monitored twice weekly using caliper

measurements. Neither the Stat3 inhibitor nor docetaxel as single

agents showed any reduction in tumor volume, relative to vehicle

treated controls (Fig. 2A). However, the combination group

showed a statistically significant decrease in tumor volume as

compared to vehicle or chemotherapy.

In MSFE assays (Procedures S1), which provide a measure of

the proportion of cells capable of anchorage-independent growth,

C188 showed a statistically significant decrease in MSFE relative

to vehicle (p,0.05) (Fig. 2B) (Table S1). This effect was not

observed in combination with docetaxel. FACS analysis (Proce-

dures S1) of BCM2665 tumor cells (,10,000 cells) demonstrated

that the Stat3 inhibitor C188 reduced ALDH1 levels in treated

samples. Specifically, when compared to the vehicle or chemo-

therapy groups, treatment with the Stat3 inhibitor C188

significantly reduced ALDH+ cells (p,0.05) (Table S2). In

addition, as expected from our previously published results,

chemotherapy treated samples showed a statistically significant

increase in ALDH+ cells, consistent with the intrinsic chemore-

sistance of TICs (Dontu et al., 2005, [4] (p,0.05).

Stat3 target engagement
Previous studies demonstrated that C188 inhibited Stat3

phosphorylation. To demonstrate target engagement using C188

by decrease in pStat3 levels, we performed laser capture

microdissection (LCM) to isolate the epithelial compartment of

the BCM2665 tumors treated with vehicle or C188 treated groups

(Procedures S1). Western analysis was performed to determine the

levels of pStat3 in the different treatment groups. These results

demonstrate a reduction in the pStat3 levels in the C188 treated

tumors vs. the vehicle treated group (Figure 2D).

Effect of Stat3 inhibition in chemosensitive MC1
xenograft model
As with BCM2665, female SCID Beige mice were transplanted

with MC1 tumors, which were allowed to grow to ,200–

700 mm3, and then randomized into the same four treatment

arms. C188 had no effect on tumor growth as a single agent. With

chemotherapy, there was a significant reduction in tumor volume

relative to the other treatment groups (Fig. 3A), while the

combination C188 and docetaxel showed an intermediate growth

curve between the two single agent arms (Fig. 3A).

In MSFE assays, there was no significant change as a conse-

quence of any treatment. With FACS analysis, this decrease in

tumor volume with chemotherapy was associated with a non-

statistically significant increase in TICs as measured by CD44+/
CD242, ALDH+, and MSFE. In this chemosensitive xenograft

model, with C188 alone, there was no change in TICs vs. vehicle

control. However, the combination of C188+chemotherapy, there

was a non-significant decrease in all TIC markers (CD44+/
CD242, ALDF+, and MSFE) when compared to chemotherapy

alone (Fig. 3 C).

Effect of combination of Stat3 inhibition and docetaxel
on time to tumor recurrence (recurrence-free survival
To evaluate the effect of Stat3 inhibition on recurrence, SCID

Beige mice were transplanted with BCM2665 tumors and

randomized to two groups (n = 6/group) at 6 weeks and treated

with high dose docetaxel (60mg/kg) or the combination of high

dose docetaxel and C188 for 14 days, per cycle, for two cycles.

Complete tumor disappearance was observed in both arms at

which time the treatment was stopped. The animals were then

followed for tumor recurrence for a period of 20 days, and time to

tumor recurrence was calculated using Kaplan Meier survival

analysis. The time to recurrence was improved by ,4-fold with

the addition of Stat3 inhibitor to conventional chemotherapy

compared to chemotherapy alone, with 30-day tumor recurrence

rate of 20% (95% CI: 0.01–0.58) vs. 83% (95% CI: 0.27–0.97)

(p = 0.03, Wilcoxon test) (Fig. 4), thus confirming that Stat3

inhibition decreased the TIC subpopulation and improved

survival (Table S3).

Discussion

We had previously demonstrated that the intrinsic resistance of

TIC subpopulation to conventional chemotherapy, with an

increase in CD44+/hi/CD242/low/Lin2 cells, MSFE, and xeno-

graft tumors on transplantation [4]. Others have also noted that

tumors rich in CD44+ have a significantly worse clinical outcome

[9]. Based on these observations, we derived a tumorigenic gene

signature from human patient tumors using flow sorting for

CD44+/hi/CD242/low/Lin2 and mammosphere assays [2]. The

goal with this study was to identify and begin to target the major

pathways involved in the self-renewal of breast TICs. Previous

studies targeting tumor initiating cells have had varying degrees of
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success [10,11]. We identified key nodes of several pathways using

ingenuity analysis including growth factor signaling pathway wnt

signaling pathway and the Notch pathway and Stat3 pathway.

Here, we confirm that Stat3 is a promising pathway target

regulating tumor growth. Inhibiting this pathway led not only

a decrease in cells expressing TIC markers but also to a significant

delay in time to tumor recurrence in human-cancer-in-mouse

xenograft models.

We tested C188 on the two cell lines in vitro (SUM159 and

BT549) and demonstrated that C188 was indeed effective in

reducing MSFE in cell lines (Fig. 1C). In order to study the effects

of inhibiting Stat3 in vivo, we utilized human-cancer-in-mouse

xenograft models, and confirmed that Stat3 inhibition not only

reduced the frequency of cells expressing TIC markers as

measured by flow cytometry (CD44+/CD242, and ALDH) and

MSFE, this inhibitor also significantly decreased time to tumor

recurrence when compared to chemotherapy alone using

a chemoresistant xenograft model.

Stat3 was originally termed acute-phase response factor (APRF)

and was first identified as a transcription factor that bound to IL-6-

response elements within the enhancer-promoter region of various

acute-phase protein genes [12]. In addition to IL-6 receptors,

other signaling pathways are linked to Stat3 activation which

include receptors for other type I and type II cytokine receptors,

receptor tyrosine kinases, G-protein-coupled receptors and Src

kinases [12,13]. Targeted disruption of the mouse Stat3 gene leads

to embryonic lethality at 6.5 days [14], thus indicating that Stat3 is

essential for early embryonic development [15]. Interestingly,

tissue-specific deletion of Stat3 in the hematopoietic lineage did

not result in impaired blood cell production, suggesting that Stat3

inhibition may not exacerbate bone marrow suppression observed

with chemotherapy agents.

Cytokines have been shown to play an important role in the

function and modulation of tumor initiating cells. Stat3 mediates

its activity in an IL-6 dependent manner [12,13]. Previous studies

have demonstrated that IL-8 dependent signaling and its receptor

CXCR1 may be important in TIC signaling. [11]. Our data

demonstrate that Stat3 signaling, is also important for TIC self

renewal, and suggest that cytokine mediated signaling in TICs

which needs to be further explored.

Constitutive Stat3 activity has been observed in ER-negative

invasive breast cancer samples and metastatic cell lines. Stat3

activation within these cancer tissues and cells leads to an in

increased level of anti-apoptotic proteins including Bcl-2 and

Survivin [16,17]. Stat3 activity contributes to oncogenesis in breast

and other cancer systems, up-regulates anti-apoptotic proteins

through several pathways, enhances cell proliferation, induces

angiogenesis, and suppresses immune responses [18]. Stat3 has

been postulated as a potential target against TICs for various

tumor types, including glioblastoma multiforme [19,20]. In

addition, targeted disruption of Stat3 in the skin demonstrated

the role of Stat3 and follicular stem cells in tumor initiation [21].

Thus, Stat3 is a potential high-yield target for drug development to

treat several cancers including triple-negative breast cancers for

which there are currently no currently approved molecularly

targeted therapies.

In these experiments, we report in chemoresistant tumors that

the combination of C188 plus chemotherapy decreased tumor

volume after one cycle, and that the inhibitor alone resulted in

a decrease in TICs as measured by standard flow cytometry

markers and MSFE. The maximum effect of inhibiting TICs

would be in maximally ‘‘debulked’’ disease, where the majority of

the proliferating daughter cells are eliminated by conventional

treatments. In the clinical scenario, this would represent adjuvant

treatment, after completion of definitive therapy. With Stat3

inhibitor, the time to tumor recurrence was significantly improved

by approximately 4-fold, when compared to chemotherapy alone.

This result is highly encouraging and suggests that Stat3 inhibition

may decrease time to relapse and improved outcomes in breast

cancer patients.

In conclusion, inhibition of Stat3 by a novel, selective small

molecule decreased the candidate TIC subpopulation in human

cancers transplanted in mice, resulting in not only a decrease in

tumor volume, but also prolongation of the time to tumor

recurrence significantly. Future modifications of this small

molecule, together with toxicity profile, would enable similar

compounds to be tested clinically in breast and other cancers.

Materials and Methods

Stat3 shRNA knockdown
Lentiviral vectors encoding empty vector or three different Stat3

shRNAs in a pGIPZ vector (Open Biosystems Huntsville, AL)

were used to transduce SUM159 and BT549 cells under low

attachment conditions for 3–4 days. MFSE and western analysis

was performed.

Animals and Xenograft tumors
All animals were maintained in accordance with the NIH Guide

for the Care and Use of Experimental Animals with approval from

the Baylor College of Medicine Institutional Animal Care and Use

Committee under protocol number AN2289 No approval was

needed for the human IRB committee since the human cancer in -

mouse xenografts are already established in mice.

Stat3 Xenograft experiments
In vivo experiments were conducted study the effect of Stat3

inhibition using C188 (a small molecule that inhibits binding of the

SH2 domain of Stat3 to its phosphotyrosyl peptide) [8] in two

triple negative (estrogen receptor/progesterone receptor/HER2

negative) human cancer xenografts (BCM2665 and MC1) derived

from primary human breast cancers, transplanted in the fat pad of

SCID Beige mice (36 mice per xenograft line, 9 mice per

treatment arm). When the tumors reached between 100–1000

mm3, mice were divided into four groups: (1) vehicle-treated (2)

chemotherapy-treated (day 1 with one dose of docetaxel 20 mg/

ml by intraperitoneal (i.p.) injection, (3) Stat3 inhibitor (day 1–14

with C 188 at 12.5 mg/ml (i.p.) (4) combination treatment with

docetaxel (20mg/ml i.p. on day 1) and Stat3 inhibitor C188

(day 1–14 daily at 12.5 mg/kg i.p. Animals were sacrificed on

day 14, 2 hrs after the final C188 treatment. The tumors were

Figure 1. Ingenuity Analysis identifies Stat3 as an important target for TIC self renewal. (A) Ingenuity Analysis of 493-gene tumorigenic
stem cell signature, looking for direct and indirect interactions of these genes among themselves identified Stat3 as one of the important targets of
TIC self renewal. (B) Mammosphere forming efficiency in SUM159 treated with Stat3 shRNA vs. empty vector (EV) showed a significant decrease
(p,0.05). Data depicted as Mean+ SEM. Western analysis of empty vector vs. Stat3 shRNAs treated cells depicts reduction in pStat3 levels upon
treatment. (C)Mammosphere forming efficiency for SUM 159 and BT 549 cells treated with C188 at 10 mM concentration. Significant decrease in
mammosphere formation upon treatment with C188 (p,0.05). Data depicted as Mean+SEM.
doi:10.1371/journal.pone.0030207.g001
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Figure 2. Chemoresistant BCM2665 transplanted in the fat pad of SCID Beige mice responds to combination of Stat3
inhibitor+docetaxel treatment, with decrease in tumor volume and TIC markers by FACS and MSFE. (A) Tumor volume fold change over
time + SEM in 4 treatment arms of the chemoresistant BCM2665 model for the treatment period of 14 days. Significant decrease in mean tumor
volume was noted between vehicle and combination of C188+docetaxel, and between chemotherapy and combination treatment (p,0.05). (B) FACS
analysis of 10,000 cells BCM2665 tumor cells for ALDF+. Statistically significant decreases were observed with C188 vs. control (p,0.05), C188 vs.
chemotherapy (p,0.05), and combination of C188+chemotherapy vs. chemotherapy alone (p,0.05). Data depicted as Mean + SEM. (C)
Mammosphere forming efficiency of tumor cells harvested and seeded at 20,000 cells/well. Statistically significant decrease with C188 treatment vs.
control (p,0.05), and C188 treatment vs. chemotherapy was observed (p,0.05). (D) The epithelial compartment of the BCM2665 tumors treated with
C188 or vehicle control was isolated using laser capture microscopy. pStat3 levels were determined using Western blot analysis (representative
picture shown). (E) Immunohistochemical analysis of pStat3Stat expression in Vehicle vs C188Stat treated BCM2665 tumor tissue (representative
picture shown).
doi:10.1371/journal.pone.0030207.g002

Figure 3. Chemosensitive MC1 transplanted in fat pad of SCID Beige mice, with non-significant decrease in TIC markers (ALDF,
CD44+/CD242, and MSFE) with Stat3 inhibitor compared to chemotherapy alone. (A) Tumor volume fold change over time (14 days).
Decrease in mean tumor volume + SEM was observed with chemotherapy alone (chemosenstive tumor line). (B) FACS analysis of 100,000 cells MC1
tumor cells for CD44+/CD242, ALDF. Data were depicted as Mean + SEM. Non-significant decrease in TIC markers (ALDF, CD44+/CD24) with Stat3
inhibitor compared to chemotherapy alone was observed. (C) Mammosphere forming efficiency of tumor cells seeded at 10,000 cells/ml. Data
depicted as Mean + SEM. Non-significant decrease in MSFE with C188 compared to chemotherapy alone was observed.
doi:10.1371/journal.pone.0030207.g003
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harvested and analysis for downstream effects of treatment

performed.

To test our hypothesis that Stat3 inhibition by C188 will affect

candidate TICs and decrease the time to relapse, we next

examined its effect on time to recurrence in vivo. We conducted

high dose studies since this xenograft model is resistant to

docetaxel, where xenograft BCM2665 (with high levels of pStat3)

were treated with high dose docetaxel (day 1 and day 15 at

60 mg/kg, i.p.) or the combination with high dose docetaxel

(day 1 and day 15 at 60 mg/kg, i.p.) together with a daily dose of

Stat3 inhibitor C188 (12.5 mg/kg, i.p.). After two cycles of

therapy, disappearance of all tumors was observed in both groups.

Treatments were then stopped, and the animals monitored for

changes in body weights and time to tumor recurrence twice

weekly.

TIC analysis by FACS and mammosphere formation
efficiency (MSFE)
The fraction of tumor-initiating cells in the xenograft tumors

with the different treatment groups were processed by mincing the

tumors and digesting them using collagenase type III, for 3 h at

37uC to dissociate the tumors into single cells. Changes in

CD44+/CD24/Lin2 and Aldefluor were analyzed, as previously

described [4].

Mammosphere culture was performed as previously described

[3,4,22]. Single cells were plated in ultra-low attachment plates

(Corning, Acton, MA, USA). The cells were plated at a density of

40,000 viable cells/ml for BCM2665 in primary culture, and

10000 cells/ml in secondary culture, the amount was halved for

MC1 tumor line, as these tumors had been shown previously to

have higher mammosphere formation efficiency.

Laser Capture Microdissection
Xenograft tumors were microdissected at 10x magnification

with a power range of 60 mW–80 mW and pulse range of

2,500 ms–1100 ms using Veritas Microdissection Systems (Molec-

ular Devices, Union City, CA). Protein was eluted from the laser

capture microdissection (LCM) caps and used for western analysis

for p-STAT3 pStat3 and b-actin.

Statistical analysis
Statistical analysis and p values for tumor volume fold change,

mammosphere formation efficiency and aldefluor assays are based

on contrasts from a generalized linear model adjusted for multiple

comparisons using Hommel method. For the tumor recurrence

experiments, events are defined as first appearance of tumor

.50 mm3 after completion of treatment. Time to recurrence was

derived by Kaplan-Meier method, with differences compared

using the generalized Wilcoxon test.

Supporting Information

Figure S1 shRNA screen for tumor initiating cells
identifies Stat3 as an important node in the pathways.
Two triple negative breast cancer cell lines SUM159 and BT549,

were infected with lentiviral shRNA’s form open biosystems,

targeting all the genes in our published tumorigenic signautre

using high throughput mammosphere forming scree. This was

followed by ingenuity analysis of the data to pictorially depict the

pathways determined that Stat3 was an important component of

the tumor initiating cell pathway.

(TIF)

Table S1 Mammosphere forming efficiency Statistics.

(XLS)

Table S2 ALDH1 levels data statistics for BCM2665
tumor.

(XLS)

Table S3 Tumor volume fold change for MC1 tumor
xenograft (statistics).

(XLS)

Procedures S1 Supplemental Experimental Procedures.

(DOCX)

Author Contributions

Conceived and designed the experiments: BD MDL LED MW XZ TFW

DL MTL DJT JCC. Performed the experiments: BD MDL LED.

Analyzed the data: BD MDL LED MW XZ TFW DL MTL DJT JCC.

Contributed reagents/materials/analysis tools: MW SGH. Wrote the

paper: BD JCC.

References

1. Al-Hajj M, Wicha MS, Benito-Hernandez A, Morrison SJ, Clarke MF (2003)

Prospective identification of tumorigenic breast cancer cells. Proc Natl Acad

Sci U S A 100: 3983–3988.

2. Creighton CJ, Li X, Landis M, Dixon JM, Neumeister VM, et al. (2009)

Residual breast cancers after conventional therapy display mesenchymal as well

as tumor-initiating features. Proc Natl Acad Sci U S A 106: 13820–13825.

Figure 4. Kaplan Meier recurrence free survival with the
combination with high dose docetaxel and C188 vs. chemo-
therapy alone. Female mice were transplanted in one mammary fat
pad with chemoresistant breast cancer xenograft 2665A (ER/PgR/HER2-
negative and p-Stat3-positive). After 6 weeks, mice with ,200 mm3

tumors were randomized and treated with either 2 cycles of docetaxel
(60 mg/kg) combined with daily dose of C188 (12.5 mg/kg; solid line) at
the start of treatment vs. docetaxel alone (– line). Mice were observed
daily after the end of all treatment (all the tumors had receded at that
time). Time to tumor recurrence as denoted by tumors being measured
to be larger than 50mm3 was significantly improved with the
combination vs. chemotherapy alone (p = 0.030).
doi:10.1371/journal.pone.0030207.g004

Stat3 Inhibitor of Tumor Initiating Cells

PLoS ONE | www.plosone.org 7 August 2012 | Volume 7 | Issue 8 | e30207



3. Dontu G, Al-Hajj M, Abdallah WM, Clarke MF, Wicha MS (2003) Stem cells in

normal breast development and breast cancer. Cell Prolif 36 Suppl 1: 59–72.
4. Li X, Lewis MT, Huang J, Gutierrez C, Osborne CK, et al. (2008) Intrinsic

resistance of tumorigenic breast cancer cells to chemotherapy. J Natl Cancer Inst

100: 672–679.
5. Redell MS, Tweardy DJ (2005) Targeting transcription factors for cancer

therapy. Curr Pharm Des 11: 2873–2887.
6. Turkson J, Jove R (2000) STAT proteins: novel molecular targets for cancer

drug discovery. Oncogene 19: 6613–6626.

7. Chen Z, Han ZC (2008) STAT3: a critical transcription activator in
angiogenesis. Med Res Rev 28: 185–200.

8. Xu X, Kasembeli MM, Jiang X, Tweardy BJ, Tweardy DJ (2009) Chemical
probes that competitively and selectively inhibit Stat3 activation. PLoS One 4:

e4783.
9. Shipitsin M, Campbell LL, Argani P, Weremowicz S, Bloushtain-Qimron N, et

al. (2007) Molecular definition of breast tumor heterogeneity. Cancer Cell 11:

259–273.
10. Kakarala M, Brenner DE, Korkaya H, Cheng C, Tazi K, et al. (2010) Targeting

breast stem cells with the cancer preventive compounds curcumin and piperine.
Breast Cancer Res Treat 122: 777–785.

11. Ginestier C, Liu S, Diebel ME, Korkaya H, Luo M, et al. (2010) CXCR1

blockade selectively targets human breast cancer stem cells in vitro and in
xenografts. J Clin Invest 120: 485–497.

12. Huang Y, Qiu J, Dong S, Redell MS, Poli V, et al. (2007) Stat3 isoforms, alpha
and beta, demonstrate distinct intracellular dynamics with prolonged nuclear

retention of Stat3beta mapping to its unique C-terminal end. J Biol Chem 282:
34958–34967.

13. Sharp ZD, Mancini MG, Hinojos CA, Dai F, Berno V, et al. (2006) Estrogen-

receptor-alpha exchange and chromatin dynamics are ligand- and domain-
dependent. J Cell Sci 119: 4101–4116.

14. Garcia R, Bowman TL, Niu G, Yu H, Minton S, et al. (2001) Constitutive

activation of Stat3 by the Src and JAK tyrosine kinases participates in growth

regulation of human breast carcinoma cells. Oncogene 20: 2499–2513.

15. Ramana CV, Chatterjee-Kishore M, Nguyen H, Stark GR (2000) Complex

roles of Stat1 in regulating gene expression. Oncogene 19: 2619–2627.

16. Siddiquee K, Zhang S, Guida WC, Blaskovich MA, Greedy B, et al. (2007)

Selective chemical probe inhibitor of Stat3, identified through structure-based

virtual screening, induces antitumor activity. Proc Natl Acad Sci U S A 104:

7391–7396.

17. Jing N, Li Y, Xiong W, Sha W, Jing L, et al. (2004) G-quartet oligonucleotides:

a new class of signal transducer and activator of transcription 3 inhibitors that

suppresses growth of prostate and breast tumors through induction of apoptosis.

Cancer Res 64: 6603–6609.

18. Becker S, Groner B, Muller CW (1998) Three-dimensional structure of the

Stat3beta homodimer bound to DNA. Nature 394: 145–151.

19. Villalva C, Martin-Lannerée S, Cortes U, Dkhissi F, Wager M, et al. (2010)

STAT3 is essential for the maintenance of neurosphere-initiating tumor cells in

patients with glioblastomas: A potential for targeted therapy? International

Journal of Cancer: n/a-n/a.

20. Wei J, Barr J, Kong LY, Wang Y, Wu A, et al. (2010) Glioblastoma cancer-

initiating cells inhibit T-cell proliferation and effector responses by the signal

transducers and activators of transcription 3 pathway. Mol Cancer Ther 9: 67–

78.

21. Kim DJ, Tremblay ML, Digiovanni J (2010) Protein tyrosine phosphatases, TC-

PTP, SHP1, and SHP2, cooperate in rapid dephosphorylation of Stat3 in

keratinocytes following UVB irradiation. PLoS One 5: e10290.

22. Dontu G, Liu S, Wicha MS (2005) Stem cells in mammary development and

carcinogenesis: implications for prevention and treatment. Stem Cell Rev 1:

207–213.

Stat3 Inhibitor of Tumor Initiating Cells

PLoS ONE | www.plosone.org 8 August 2012 | Volume 7 | Issue 8 | e30207


