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IKK/NF-kB and STAT3 pathways: central signalling
hubs in inflammation-mediated tumour promotion

and metastasis
Julia Bollrath & Florian R. Greten*
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Our understanding of the molecular mechanisms that link inflam-
mation and cancer has significantly increased in recent years.
Here, we analyse genetic evidence indicating that the transcription
factors nuclear factor-kB (NF-kB) and signal transducer and activa-
tor of transcription 3 (STAT3) have a central role in this context by
regulating distinct functions in cancer cells and surrounding non-
tumorigenic cells. Inimmune cells, NF-kB induces the transcription
of genes that encode pro-inflammatory cytokines, which can act in
a paracrine manner on initiated cells. By contrast, in tumorigenic
cells, both NF-xB and STAT3 control apoptosis, and STAT3 can
also enhance proliferation. Consequently, inflammation should be
considered as a valuable target for cancer prevention and therapy.
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Introduction

Clinical and epidemiological studies have suggested a strong asso-
ciation between chronic infection, inflammation and cancer—an
association that was initially proposed in the nineteenth century by
Rudolf Virchow, when he noticed that a high number of leukocytes
was present in tumour samples and suggested that tumours might
be linked to chronic inflammation (Balkwill & Mantovani, 2001).
The identification of infectious agents that cause cancer has recently
led to the granting of several Nobel prizes, including those to Barry
J. Marshall and J. Robin Warren in 2005 for their discovery of the bac-
terium Helicobacter pylori and its role in gastritis and peptic ulcer
disease, and Harald zur Hausen in 2008 for his discovery of human
papillomaviruses that cause cervical cancer. Non-infectious agents—
such as obesity, tobacco smoke, sustained alcohol abuse and inflam-
matory bowel disease (Aggarwal et al, 2009; Karin & Greten, 2005;
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Khasawneh et al, 2009)—can also cause chronic inflammation,
thereby increasing the risk of cancer development. Importantly, an
inflammatory microenvironment is an essential component of every
tumour, including those that are not initiated by chronic inflamma-
tion (Mantovani et al, 2008). Over the past 10 years, genetic studies
using cell-specific knockout animals have helped to start to unravel
the molecular mechanisms that link inflammation and cancer. These
studies have led to the idea that the tumour microenvironment is as
important as the tumour cell population and, therefore, an inflamma-
tory microenvironment has been suggested as the seventh hallmark
of cancer (Mantovani, 2009).

The development of cancer can be divided into three dis-
tinct steps: initiation, promotion and progression (Hanahan &
Weinberg, 2000). During the initiation step, cells acquire muta-
tions that lead to the inactivation of tumour suppressor genes and/
or the activation of oncogenes, thereby providing mutant cells
with a growth and survival advantage. However, these initial
mutations are not sufficient for full neoplastic progression; tumour
promotion and progression depend on signals that originate from
non-mutant cells in the tumour microenvironment. The tumour
microenvironment is comprised not only of tumour cells, but also
of stromal cells (such as fibroblasts and endothelial cells), cells
from the innate immune system (macrophages, neutrophils, mast
cells, myeloid-derived suppressor cells, dendritic cells and natural
killer (NK) cells) and the adaptive immune cells, T and B lympho-
cytes. These cell types secrete cytokines, growth factors, proteases
and other bioactive molecules, which can act in an autocrine
and/or paracrine manner and generate a delicate balance
between anti-tumour immunity—which is provided by the adap-
tive immune system—and tumour-promoting immune activity,
which originates from the innate immune compartment. During
tumorigenesis, the host-mediated anti-tumour activity is thought
to be suppressed and, therefore, pro-inflammatory actions prevail
that ultimately support tumour growth, angiogenesis, invasion and
metastasis (de Visser et al, 2006).

The direction in which the balance is tipped—either towards
tumoursuppressionorprogression—dependspartlyonthecelltypes
and partly on the cytokine profile that is predominantly expressed
in the tumour microenvironment. Tumour-associated macrophages
(TAM) and T cells are the immune cells most commonly found in
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Sidebar A | In need of answers

(i)  Which signalling pathways promote tumour growth in immune cells
and tumour cells?

(ii) Do T cells have different roles in different tumours?

(iii) Whatrole do NF-xB and STAT3 have during tumour initiation?

(iv) Which is the best strategy to induce an anti-tumour response:
targeting specific cytokines or targeting signalling pathways?

(v) Cananti-inflammatory therapeutics be successful as single agents?

(vi) Isitreasonable to use anti-inflammatory therapies in combination
with cytotoxic therapies to suppress therapy-induced inflammation,
or does it prevent tumour-suppressive responses?

(vii) Which is the best way to prevent the immune-suppressive effects of
IKK/NF-kB inhibitors? Should they be combined with TNFa or
IL-1p inhibitors?

tumours, and several tumour types are characterized by a poor
outcome when infiltrated by a high number of macrophages
(Murdoch et al, 2008). Therefore, TAMs are generally consid-
ered to promote tumour growth and to be necessary for invasion,
migration and metastasis (Condeelis & Pollard, 2006). By contrast,
a high number of T cells correlates with better survival in colon
cancer patients (Galon et al, 2006), although T cells can have both
tumour suppressive and promoting effects (Sidebar A; DeNardo
et al, 2009; Smyth et al, 2006). Importantly, it is not the relative
abundance of each cell type but rather their respective activa-
tion and polarization profile—which is shaped by the cytokines
that are present in the tumour microenvironment—that deter-
mines whether the effect will be to suppress or promote tumour
growth. Several cytokines, such as TNFa, IL-Ta, IL-1, IL-6, IL-10,
IL-12, IL-17, IL-23, IFNy, TGF and TRAIL, are responsible for this
polarization and are predominantly secreted by the respectively
activated cells. In this context, [L-12, TRAIL and IFNy are associ-
ated with cytotoxic T-helper 1 responses that mediate anti-tumour
immunity, whereas TNFa, IL-6 and IL-17 suppress such polariza-
tion and promote tumour growth (Lin & Karin, 2007). Indeed, the
tumour-promoting role of IL-17 was recently demonstrated in
the B16 melanoma model (Wang et a/, 2009) and in an intestinal
tumour model (Wu et al, 2009).

The characterization of the molecular mechanisms by which
different cell types in the tumour microenvironment interact and
communicate, and the identification of signalling pathways within
these cells that ultimately promote tumour growth or suppress
anti-tumour immunity remain a significant challenge (Sidebar A).
An exact understanding of these complex interactions could help
to find new targets for cancer treatment and prevention. Some of
the underlying molecular mechanisms have been functionally elu-
cidated using genetic knockout mouse models, which have shown
that many of the cytokine-induced signalling pathways converge
on two transcription factors: NF-xB and STAT3.

NF-kB and STAT signalling pathways

NF-kB is formed by homodimerization or heterodimerization of its
five family members and is activated in response to several endo-
genous and exogenous ligands, including pathogen-associated
molecular patterns (PAMPs), TNFa and IL-1 (Vallabhapurapu &
Karin, 2009). On engagement of the respective receptors, signal-
ling impinges on a common molecular target, the IKK complex,
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Fig 1 | NF-xB signalling. On ligand interaction with surface receptors, one of
two NF-«B activation pathways can be elicited. Canonical signalling depends

on IKKy and IKKp and induces the transcription of genes that regulate
inflammation and cell survival. By contrast, non-canonical NF-kB activation is
mostly involved in the regulation of B-cell development. BAFE, B-cell activating
factor of the TNF family; IL, interleukin; IKK, IkB kinase; LT-R, lymphotoxin-3
receptor; NF-kB, nuclear factor-kB; RAGE, receptor for advanced glycation end
product; TLR, toll-like receptor; TNE tumour necrosis factor.

which comprises two catalytic subunits—IKKa and IKKp—as well
as the regulatory subunit IKKy. The canonical NF-kB activation
depends on IKKy and IKKp kinase activity and leads to phosphory-
lation of the inhibitory protein IkBa, which is bound to NF-xB dim-
ers in unstimulated cells. Phosphorylated IkBs are polyubiquitinated
and subsequently degraded by the proteasome, thereby allowing
NF-kBs—which are mostly comprised of RelA:p50 heterodimers—to
translocate to the nucleus and to exert their function as trans-
criptional regulators. By contrast, the non-canonical NF-kB activa-
tion is dependent on IKKa, but not IKKp, and induces the processing
of NF-kB2/p100:RelB dimers (Fig 1).

The engagement of the STAT3 pathway can be triggered by
receptor tyrosine kinases—after the binding of members of the
IL-6 or IL-10 protein families and certain growth factors to their
receptors—as well as by non-receptor tyrosine kinases (Yu & Jove,
2004). The binding of growth factors or cytokines to their recep-
tors results in the activation of their intrinsic receptor tyrosine
kinase activity or of receptor-associated tyrosine kinases, such as
JAK or SRC, that subsequently phosphorylate the cytoplasmic part
of the receptor and provide docking sites for monomeric STATSs.
Once recruited, the STATs are phosphorylated on specific tyrosine
residues, thus allowing their dimerization and translocation to the
nucleus (Fig 2).
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Fig2 | STAT signalling. On binding of IL-6 or IL-11 to the a-subunit of their
receptors—which is followed by receptor heterodimerization with the gp130

STAT(;”

receptor—JAKs are activated and phosphorylate tyrosine residues in the
cytoplasmic region of gp130, which lead to the recruitment of SHP2, STAT3 or
STAT1 monomers. These STATs can bind to gp130 through their SH2 domains
and become phosphorylated before their dimerization and translocation to
the nucleus. Growth factors and non-receptor tyrosine kinases—such as SRC
and ABL—can also activate STAT3 signalling. Growth factor receptors that are
known to activate STAT3 include the epidermal growth factor receptors EGFR
and HER2, vascular endothelial growth factor receptor (VEGFR), platelet-
derived growth factor (PDGFR), insulin-like growth factor (IGFR), hepatocyte
growth factor (HGFR) and fibroblast growth factor receptor (FGFR). ABL,
Abelson leukaemia protein; gp130, glycoprotein of 130 kDa; IL, interleukin;
JAK, Janus kinase; SRC, sarcoma kinase; STAT, signal transducer and activator
of transcription.

NF-xB and STAT3 in tumour promotion

Although NF-kB and STAT3 signalling pathways are persistently
activated in various malignancies, as yet, no activating mutations
have been found in the genes encoding these transcription factors
in solid tumours. Instead, mutations occur either in upstream recep-
tors, such as gp130—the activation of which results in STAT3 hyper-
activation in liver tumours (Rebouissou et al, 2009)—or in genes
encoding negative regulators of STAT3 signalling, such as SOCS3 in
lung cancer (He et al, 2003). However, the most common mecha-
nism by which NF-kB and STAT3 transcriptional programmes are
induced is not through the mutation of proteins in their pathways,
but by an excess of activating cytokines provided in an autocrine or
paracrine manner.

Genetic and pharmacological manipulation of NF-kB and
STAT3 activation in mouse models of colitis-associated cancer
(CAC) and liver cancer has revealed the complex interplay of these
signalling cascades in different cell types and that tumour cell
intrinsic and extrinsic mechanisms regulate apoptosis and prolif-
eration. Although just 1% of all colorectal cancer cases occur in
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patients with inflammatory bowel disease, these patients represent
one of the groups at highest risk of developing colorectal cancer.
Furthermore, longstanding chronic colitis can increase the cumu-
lative risk of developing colorectal cancer to almost 20% after
30 years (Eaden et al, 2001).

The first evidence of NF-kB having a direct and indirect role in
tumorigenesis came from the CAC model through the deletion of
IKKB in intestinal epithelial cells (IECs)—which are the cells that
undergo malignant progression—or the inhibition of NF-«xB sig-
nalling in myeloid cells (Greten et al, 2004). In IECs, NF-xB regu-
lates cell survival during early tumour promotion—and, therefore,
tumour incidence—in a direct manner. By contrast, in myeloid
cells, NF-kB induces the transcription of genes that encode pro-
inflammatory cytokines, including TNFa and IL-6, that can act on
mutant cells to affect tumour incidence and tumour size through
the paracrine induction of NF-xB and STAT3. Consistent with such
an idea, Cyld-deficient mice exhibit an increased susceptibility
to CAC, and an increase in TNFa and IL-6 secretion from stimu-
lated macrophages (Zhang et al, 2006). Cyld is a deubiquitinating
enzyme that presumably limits NF-kB activity by inducing the
proteolysis of IKKy (Sun, 2008). Subsequent studies in the CAC
model confirmed the importance of TNFa signalling in bone-
marrow-derived cells (Popivanova et al, 2008). Although there is
evidence that immune cells are the main source of TNFa, autocrine
production by cancer cells can also contribute to its secretion, par-
ticularly when NF-kB is activated within the cancer cells. As IEC-
specific Ikkp ablation did not affect mutant cell proliferation, it was
suggested that the IL-6 released by either myeloid cells or T lympho-
cytes (Becker et al, 2004) would promote epithelial proliferation
through the activation of STAT3. Indeed, the deletion of //6 and
the IEC-restricted deletion of Stat3 both suppressed CAC develop-
ment (Bollrath et al, 2009; Grivennikov et al, 2009). The loss of
STAT3 was particularly effective in blocking tumorigenesis and led
to a growth arrest of premalignant lesions, almost abrogating the
development of advanced tumours. Conversely, the introduction of
a mutant gp130 receptor that induces STAT3 hyperactivation—or
an |EC-specific deletion of the STAT3 feedback inhibitor socs3—
stimulates proliferation and increases tumour multiplicity (Bollrath
et al, 2009; Rigby et al, 2007). In line with a pro-proliferative func-
tion of STAT3 in the gastrointestinal tract, gp130 mutant mice
spontaneously developed gastric cancer, which is dependent on
IL-11 and not IL-6 (Ernst et al, 2008; Tebbutt et al, 2002). However,
during CAC development, STAT3 not only controls proliferation
but also affects epithelial cell survival, which might explain why
the IEC-specific deletion of stat3 has a more profound effect on
colitis-associated tumorigenesis than does the loss of /kkp in the
same cells. Interestingly, the expression of chemokines induced
by NF-kB in IEC is essential for STAT3 activation in epithelial cells
during acute colitis (Eckmann et al, 2008). Thus, NF-kB controls
STAT3 activation in IEC in a dual manner: by recruiting myeloid
cells that secrete STAT3 activating cytokines and by controlling the
transcription of these cytokines in myeloid cells (Fig 3).

Mechanisms and cross-talk between tumours and immune cells
in models of liver carcinogenesis have been described as similar to
those in colon cancer. Liver cancer is the fifth most common type of
cancer in the world, with a poor prognosis of a five-year survival rate
of 9% (Sherman, 2005). The conditions that are associated with the
development of liver cancer in humans include chronic hepatitis of
viral or non-viral aetiology and the subsequent development of liver
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Glossary

CCL chemokine (C-C motif) ligand

CXCL chemokine (C-X-C motif) ligand

Cyld cylindromatosis

EMT epithelial-mesenchymal transition
gpl130 glycoprotein of 130 kDa

HIFla  hypoxia inducible factor la

HMGB1 high mobility group box 1

IEC intestinal epithelial cells

IFN interferon

IxBa inhibitor of kBa

IKK IxB kinase

IL interleukin

JAK Janus kinase

JNK c-Jun NH2-terminal kinase

mdr multi-drug resistance

MMP matrix metalloproteinase

NF-kB  nuclear factor-xB

RANK receptor activator of nuclear factor-«xB
ROS reactive oxygen species

SOCS3  suppressor of cytokine signalling 3
SRC sarcoma kinase

STAT3 signal transducer and activator of transcription 3
TGFp transforming growth factor-f

TNFa tumour necrosis factor-a

TLR2 Toll-like receptor 2

TRAIL  TNF-related apoptosis inducing ligand
TRAMP transgenic adenocarcinoma mouse prostate
VEGEF vascular endothelial growth factor

cirrhosis. These conditions establish a milieu of chronic inflammation
that leads to the development of hepatocellular carcinoma (HCC). In
the diethyl nitrosamine (DEN)-induced model of HCC, the inhibition
of NF-kB in hepatocytes increases tumour incidence (Maeda et al,
2005). The increased hepatocyte damage that occurs in response to
DEN causes an enhanced accumulation of ROS that prolongs the
activation of JNK in the absence of NF-kB. This increased injury stim-
ulates a stronger compensatory proliferative response and therefore
increased cancer development. The NF-kB-dependent transcription
of IL-6 in resident liver macrophages, known as Kupffer cells, has
been considered to be at least partly responsible for the compensatory
hyperproliferation of mutant hepatocytes. Accordingly, the loss of //6
inhibited DEN-initiated proliferation and HCC development, which
was associated with a diminished activation of STAT3 in hepatocytes
(Naugler et al, 2007). Interestingly, mice with a hepatocyte-specific
deletion of Ikky develop spontaneous steatohepatitis and HCC within
one year (Luedde et al, 2007). In unchallenged knockout mice devoid
of IKKy in hepatocytes, HCC formation is dependent on ROS accu-
mulation, similarly to DEN-treated mice with a hepatocyte-specific
deletion of IKKB. In both genotypes, compensatory hyperproliferation
is inhibited when mice are treated with an antioxidant. The difference
between these two mouse strains and the fact that animals with a
hepatocyte-restricted loss of IKKB do not develop spontaneous liver
damage could, in part, be explained by the more complete inhibi-
tion of NF-kB in hepatocyte-specific IKKy-deficient mice, or by as
yet unidentified NF-kB-independent functions of IKKy. The require-
ment for NF-kB-mediated tumour cell survival was also documented
using mdr2--mice, which are a damage-independent model of liver
tumorigenesis (Pikarsky et al, 2004) and develop spontaneous choles-
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Fig 3 | IEC—myeloid cell cross-talk during colitis-associated cancer.
NF-kB-regulated chemokine expression leads to the recruitment of immune
cells that secrete pro-inflammatory cytokines such as IL-11 and the IKK/
NF-xB-controlled TNFa, IL-1 and IL-6. These cytokines in turn induce
STAT3 and NF-kB signalling in enterocytes. STAT3 controls the transcription
of genes involved in both cell survival and proliferation, whereas NF-kB does
not have an effect on proliferation. CCL, chemokine (C-C motif) ligand;
CXCL, chemokine (C-X-C motif) ligand; HSP, heat shock protein; IEC,
intestinal epithelial cell; IL, interleukin; IKK, IkB kinase; NF-kB, nuclear
factor-kB; REG, regenerating islet-derived; STAT3, signal transducer and
activator of transcription 3; TNFa, tumour necrosis factor-a.

tatic hepatitis and subsequent HCC. Inhibition of NF-«B at late stages
in this model reduced tumour size, which could be explained by an
NF-kB-mediated prevention of hepatocyte apoptosis.

Collectively, these animal models illustrate the importance of
cytokines and cell-cell communication during the promotion stage
of carcinogenesis. They also highlight the essential role of NF-xB in
controlling apoptosis in transformed cells—IEC and hepatocytes—
and in inducing the transcription of pro-inflammatory cytokines in
bystander cells (myeloid cells), thereby activating the STAT3 path-
way, which can mediate both cell survival and proliferation of
mutant cells.

Inflammatory circuits that affect tumour progression

Inflammation is one prerequisite for tumour cells to invade and seed
at distant sites, where inflammatory mechanisms will probably fur-
ther support their engraftment and growth (Joyce & Pollard, 2009).
Angiogenesis and EMT are important steps in tumour progression
(Polyak & Weinberg, 2009), and genes necessary for angiogenesis
are direct targets of NF-kB and/or STAT3—including VEGF, HIF1q,
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CXCL1 and CXCL8—and key molecules in EMT such as E-cadherin,
Twist and Snail (Huang, 2007; Naugler & Karin, 2008). Furthermore,
the expression of MMP2 and MMP9—which are essential for tumour
cell invasion—is controlled by NF-xB and STAT3. Tumour necro-
sis and intrinsic signalling events lead to the recruitment of bone-
marrow-derived cells and the secretion of cytokines and chemokines
that favour tumour progression. IL-1Ta and HMGB1, which are capa-
ble of activating NF-xB in inflammatory cells and thereby induce
the secretion of pro-inflammatory cytokines (Sakurai et al, 2008;
Vakkila & Lotze, 2004), are typically released by dying tumour cells.
In addition to immune cells, cancer-associated fibroblasts (CAFs)
have an important role during tumour progression, as they can be
a main source of IL-6, VEGF, TGFp (Spaeth et al, 2009) and the pro-
invasive factors MMP3 and IL-8, the latter of which is released in a
TNFo/NF-kB-dependent manner (Mueller et al, 2007). CAFs have
been shown to exhibit robust [kBa phosphorylation and NF-kB
activation in human colorectal liver metastases (Konstantinopoulos
et al, 2007). Another mechanism by which cancer cells create a pro-
metastatic environment is the secretion of extracellular proteins.
For example, lung cancer cells secrete high amounts of versican,
which induces TNFa and IL-6 production in myeloid cells through
its binding to TLR2. The blockade of TNFa synthesis through the dele-
tion of TIr2 or Tnfa markedly suppresses the metastatic growth of
versican-producing tumour cells (Kim et al, 2009).

Further genetic evidence linking the IKK complex to metastasis
comes from a mouse model of prostate cancer (Luo et al, 2007).
Although it only has a minor effect on primary tumour growth, IKKa
represses the expression of the metastasis suppressor gene maspin in
TRAMP mice. However, when IKKa activation is genetically inhib-
ited, maspin expression is enhanced and metastasis is suppressed.
Interestingly, IKKa-mediated maspin repression does not require
NF-kB. In tumour cells, however, IKKa is activated by the RANK
ligand, which is presumably secreted by tumour-infiltrating inflam-
matory cells—probably myeloid or T cells—and the expression of
which is probably controlled by NF-kB and STAT3 (Leibbrandt &
Penninger, 2008).

Is inflammation a target for cancer therapy?
For decades, tumour therapies have concentrated on cytotoxic
regimens aimed at killing tumour cells directly. The advent of
angiogenesis inhibitors pioneered the use of indirect approaches:
inhibitors that target the tumour microenvironment to restrict the
blood supply that tumour cells need to expand. A better under-
standing of the molecular changes that occur in the tumour micro-
environment and their importance during tumour development
paved the way for strategies that target specific cytokines, such
as TNFa or IL-6, or the recruitment of inflammatory cells, such as
CXCR4 and CCL2 inhibitors. Several phase | and phase Il trials are
now evaluating the safety and efficacy of these approaches in dif-
ferent malignancies (Garber, 2009). Whether these drugs will be
successful as single agents is yet to be determined. In combination
with cytotoxic drugs and/or irradiation, anti-inflammatory drugs
can suppress therapy-induced tumour-promoting inflammatory
processes and might, therefore, represent a more attractive strat-
egy (Sidebar A). However, such efforts might also affect certain
tumour-suppressive responses (Zitvogel et al, 2008).

Instead of inhibiting cytokines and chemokines, targeting the
central regulators IKK/NF-kB and STAT3 seems to be a good alter-
native. In this respect, the additional pleiotropic effects of STAT3 in
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immune cells should be taken into consideration, such as the regu-
lation of IL-23 and IL-17 (Kortylewski et al, 2009; Wang et al, 2009),
its capacity to suppress immune surveillance (Yu et al, 2007) and
the fact that both STAT3 and NF-«kB inhibition would enhance sen-
sitivity to cytotoxic drugs by enhancing apoptosis. However, there
is one caveat to the potential of NF-kB and STAT3 as drug targets:
the unwarranted effects that the long-term suppression of the STAT3
and/or NF-kB pathways would have on the immune system. Besides
affecting the development of B and T cells (Vallabhapurapu & Karin,
2009), prolonged inhibition of IKKp leads to an enhanced release of
IL-1B during bacterial infections, possibly rendering patients partic-
ularly suspectible to the development of septic shock (Greten et al,
2007). Furthermore, STAT3 is an important factor in T-cell migration
(Verma et al, 2009) and its blockade could have undesirable effects
on the anti-tumour immune response. The development of specific
delivery methods and the use of selective compounds might help to
limit such side effects.

Several IKK/NF-xB or STAT3 inhibitors have been developed and
provided promising results in pre-clinical models (Baud & Karin,
2009; Groner et al, 2008). Specific IKKB inhibitors demonstrated
great efficacy in lymphoid malignancies, such as multiple myeloma
and a subgroup of diffuse large B-cell lymphoma, and could there-
fore represent invaluable novel therapeutics (Baud & Karin, 2009);
however, their potential to treat solid tumours is yet to be clarified.
Specific inhibitors of STAT3 include anti-sense oligonucleotides,
peptides, peptidomimetics, small-molecule inhibitors and platinum
complexes. One such small-molecule inhibitor, STA-21, prevents
STAT3 dimerization and DNA binding, and inhibited the growth
of breast cancer cells (Song et al, 2005). A platinum compound,
IS3 295, selectively inhibited STAT3 signalling in various human
and mouse tumour cell lines and induced cell cycle arrest and apop-
tosis (Turkson et al, 2005). Furthermore, the small-molecule inhibi-
tor S31-M2001, which selectively disrupts active Stat3:Stat3 dimers,
led to growth inhibition of breast cancer xenografts (Siddiquee et al,
2007). However, it will be exciting to see how well these specific
inhibitors perform in the clinic and whether they will be superior to
targeting single cytokines and chemokines in terms of efficacy and
side effects.
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