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Abstract

Janus tyrosine kinases (JAKs) are important for the growth and homeostasis of a
variety of normal tissues. Specifically, JAK1 and JAK?2 are essential for mam-
malian development, and conventional knockout models in mice show that the
absence of just one of these two kinases causes prenatal and postnatal lethality.
Recent studies using JAK2 conditional knockout mice show that this tyrosine
kinase plays key roles in mammary gland development, fertility, pancreatic
cell homeostasis, and the suppression of fatty liver disease in adult animals.
Somatically acquired point mutations or structural abnormalities in the JAK2
gene contribute to various hematopoietic malignancies. In contrast, a sustained
activation of JAK1 and JAK?2 in solid human cancers, such as those of the breast,
prostate, lung, head and neck, skin, and gastrointestinal tract, is caused mainly
by alternative mechanisms. These include the epigenetic silencing of negative
regulators of JAKs as well as an aberrant autocrine stimulation of growth factors
such as PRL, EPO, and IL-6. In addition to the canonical pathway through Signal
Transducers and Activators of Transcription (STATs), JAKSs are an integral part
of a crosstalk with receptor tyrosine kinases and their substrates that promote the
progression of solid cancers. The biological significance of JAKs within wider
signaling networks, however, depends on the cell type and the stage of neoplastic
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progression. For example, recent studies in breast cancer models that are condi-
tionally deficient in JAK2 show that the importance of this kinase changes
during disease initiation and progression, which may have significant
implications for targeting this Janus kinase in a chemopreventive or therapeutic
setting.

Preface

The four members of the Janus kinase family (JAK1, JAK2, TYK?2, and JAK3)
meditate signaling from multiple hormone and cytokine receptors that are crucial
for normal development as well as the initiation and progression of hematopoietic
malignancies and solid cancers. This chapter briefly summarizes the main biologi-
cally relevant functions of JAKs in normal tissue homeostasis and the mechanisms
that mediate an aberrant activation of Janus kinases in human cancers. Also
highlighted in this chapter will be the importance of JAKs as components of
broader signaling networks, in particular their association to receptor tyrosine
kinases and downstream effectors that are known to have pivotal roles in the
genesis of solid cancers. In the main section of this chapter, there will be an
overview about changes in the activation of Janus kinases in specific solid (i.e.
non-hematopoietic) human cancers and their suggested effects on the proliferation,
survival and invasive properties of cancer cells. Finally, there will be a discussion
of important issues related to the targeted inhibition of JAKSs for the prevention and
treatment of human cancers. This book chapter will not review the protein structure
of JAKs and the significance of specific posttranslational protein modifications that
regulate the functionality of JAKSs. The reader should refer to recent reviews to gain
further insight into these specific molecular events (Ghoreschi et al. 2009; Schindler
et al. 2007; Schindler and Plumlee 2008).

Janus Kinases and Normal Tissue Homeostasis

Janus tyrosine kinases (JAKs) are expressed in most tissues and mediate the
downstream signaling of more than 50 cytokines and peptide hormones. Upon
ligand binding to their corresponding receptors, the receptor-associated Janus
kinases autophosphorylate themselves and become activated. Active JAKs phos-
phorylate specific tyrosine residues on the receptors thereby creating docking sites
for signal transducers and activators of transcription (STATSs). Following their
recruitment to the receptors, STATs are subsequently activated by the JAKSs
through phosphorylation of critical tyrosine residues that serve as binding sites
for the SH2 domains of other STAT proteins, mediating their homo- or heterodi-
merization. Active STATs undergo nuclear translocation and function as
latent transcription factors by binding to consensus recognition sites. In mammals,
the JAK family is composed of four members, JAK1, JAK2, JAK3, and TYK2,
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Table 1 Phenotypes of Janus kinase knockouts
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Gene  Knockout method Phenotype Reference(s)
Jakl  Conventional Early postnatal lethality; Rodig et al. (1998)
neurological defects, SCID;
cytokine insensitivity
Jak2  Conventional Embryonic lethality; Krempler et al. (2004), Neubauer
defective erythropoiesis et al. (1998), Parganas et al. (1998)
Conditional Impaired alveolar Wagner et al. (2004)
(mammary) development and

maintenance
Conditional Impaired fertility and Wu et al. (2011)
(neuroendocrine) reproductive development
Conditional Impaired B cell homeostasis Choi et al. (2011)
(pancreatic B-cells)
Conditional Fatty liver phenotype Sos et al. (2011)
(hepatocyte)

Jak3  Conventional Viable and fertile; SCID; Nosaka et al. (1995), Park et al.
defective lymphoid (1995), Thomis et al. (1995)
development

Tyk2  Conventional Viable and fertile; impaired Karaghiosoff et al. (2000, 2003),

response to LPS and IL-12  Shimoda et al. (2000)

signaling; defective
cytokine signaling

SCID severe combined immunodeficiency, /L interleukin, LPS lipopolysaccharide

each capable of activating its own set of STATs. [For references regarding
the coupling of specific JAKs to STATs and the ligands that activate them, see
reviews by Schindler and Strehlow (2000), Kisseleva et al. (2002), and Rane and
Reddy (2000).]

Since each Janus kinase transduces signals from multiple cytokines and
receptors, gene knockout models have been generated in an attempt to better
understand physiological functions of individual JAKs in vivo (Table 1). JAK1
knockout mice die perinatally due to neurological defects and also show insensitiv-
ity to cytokine signaling such as IL-2, IL-6, IFN and IL-10 (Rodig et al. 1998).
JAK?2 knockout mice are embryonic lethal and die at gestation day 12.5 due to
defective erythropoiesis (Neubauer et al. 1998; Parganas et al. 1998; Krempler et al.
2004). The expression of JAK3 is largely limited to lymphoid tissues. Conse-
quently, the knockout phenotype for the gene encoding this kinase is less severe
than that of JAK1 or JAK2, and JAK?3 deficient mice are both viable and fertile;
however, they exhibit a severe combined immunodeficiency-like phenotype with
defects in lymphoid development (Nosaka et al. 1995; Park et al. 1995; Thomis
et al. 1995). The fourth member of the JAK family, the Tyrosine kinase 2 (TYK2),
has been implicated in IFN-o, IL-6, IL-10 and IL-12 signaling. TYK2 knockout
mice have an impaired response to LPS and IL-12 signaling (Karaghiosoff et al.
2000; Shimoda et al. 2000) and are unable to integrate signaling from multiple
cytokine receptors (Karaghiosoff et al. 2003).
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Since JAK?2 deficiency results in early embryonic lethality, the role of this kinase
in tissue homeostasis of postnatal animals is difficult to examine. The approach of
transplanting cells and tissue fragments from JAK2 knockout embryos into adult
mice was used by Shillingford and colleagues (2002) to study essential functions of
JAK2 during mammary gland development. This study showed that JAK?2 is
required for epithelial cell proliferation, and the ablation of this kinase results in
impaired formation of secretory alveoli. In order to better study the role of JAK?2 in
differentiated tissues of adult mice, Krempler et al. (2004) generated JAK2 condi-
tional knockout mice by placing loxP sites around the first coding exon of the Jak2
locus. In general, a Cre-mediated deletion of a gene such as Jak2 provides a unique
opportunity to assess important biological functions of a gene of interest beyond the
initial block in development that often results from a conventional knockout. The
final section of this chapter will describe how such a model can also be applied to
investigate the role of Janus kinases in tumor initiation versus progression. To
selectively ablate JAK2 in mammary epithelial cells in a spatially and temporally
controlled manner at particular stages of mammary gland development, transgenic
mice were used that express Cre recombinase in different epithelial subtypes in
virgin, pregnant, and lactating females (Wagner et al. 1997, 2001). Specifically, the
mouse mammary tumor virus (MMTV)-Cre-mediated deletion of Jak2 from ductal
progenitors led to a loss of activation of STATS in response to prolactin signaling,
but deficiency in JAK2 had no effect on ductal elongation and branching morpho-
genesis (Wagner et al. 2004). Essential functions of JAK2 during postnatal mam-
mary gland development in this model were restricted to alveolar cells in virgin
females. In order to ablate JAK2 from differentiating alveolar cells, a whey acidic
protein (WAP)-Cre-based JAK2 conditional knockout model was generated that
exhibited a strong negative selection of JAK2-deficient secretory alveolar cells
during late pregnancy and lactation. Collectively, both conditional knockout
models demonstrated that JAK2 is required for the proliferation of alveolar
progenitors and the maintenance of functionally differentiated alveolar cells during
pregnancy and lactation. On a mechanistic level, these models provided clear
evidence that JAK?2 is an essential link between prolactin signaling and STATS
activation in the normal mammary gland, which, as will be discussed later in this
chapter, has important implications for the prevention of mammary cancer.

In addition to studying the role of JAK2 in mammary gland development,
conditional knockout mice have been pivotal for the assessment of essential
functions of this kinase in neuroendocrine cells, pancreatic  cells, and hepatocytes.
The gonadotropin releasing hormone (GnRH) is a major regulator of the reproduc-
tive and sexual behavior of mammals. Loss of JAK2 in GnRH-producing neurons
causes a number of abnormalities implicating this kinase to normal reproductive
development and fertility in female mice (Wu et al. 2011). These conditional
knockout mice exhibit a reduction in GnRH and luteinizing hormones, which
causes a significant delay in puberty, first estrus, and irregular estrous cyclicity.
Female mice showed impaired fertility as characterized by the prolonged time to
produce their first litter, fewer pregnancies, and significantly smaller litter sizes.
Another very recent study by Choi and colleagues (2011) using the JAK2
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conditional knockout showed that erythropoietin (EPO) signaling through this
particular kinase protects against the development of type 1 and type 2 diabetes.
This study uncovered a key signaling pathway important for -cell homeostasis
with relevance for the treatment and prevention of diabetes. Finally, work by Sos
and colleagues (2011) demonstrated that the Alb-Cre-mediated deletion of Jak2 in
hepatocytes results in a profound fatty liver phenotype. This appears to be the result
of a complex mechanism that starts with a reduction in serum insulin-like growth
factor-1 (IGF-1), which, in turn, leads to an increase in serum growth hormone
(GH) secretion due to a lack of feedback inhibition in the hypothalamus. While the
liver-specific loss of JAK2 impairs hepatocellular GH signaling, this pathway is
retained in adipocytes, and the increased level of serum GH causes enhanced
lipolysis thereby releasing excess free fatty acids. These free fatty acids are then
taken up by the GH-resistant hepatocytes at an enhanced rate due to increased
expression of the free fatty acid transporter CD36. In support of this proposed
mechanism, the fatty liver syndrome caused by the hepatocyte-specific deletion of
Jak2 could be completely reversed through abrogation of GH secretion.

Collectively, conventional and conditional knockout models for Janus kinases
have been important to evaluate biologically relevant functions in signal transduction
and tissue homeostasis. However there continues to be a need for these and similar
kind of models to study cytokine and hormone signaling in normal versus neoplastic
cell types. While JAK3 and TYK2 conventional null mutants are probably sufficient to
examine the role of these kinases in hematopoietic cells, where these kinases are
predominantly expressed, the availability of JAK2 conditional knockout mice now
provides unique opportunities to study the role of this tyrosine kinase in a wide variety
of tissues and in the context of neoplastic transformation. Similar to JAK2, JAKI is
activated in many normal tissues of adult mice, and, as discussed later, this kinase may
be aberrantly activated by peptide hormones in cancer cells as part of a shift in
signaling networks due to abnormal expression and activation of cytokine receptors
and receptor tyrosine kinases. The necessity to genetically decipher these biological
phenomena on a molecular level clearly underlines the need for the long overdue
generation of a JAK1 conditional knockout mouse.

Mechanisms that Mediate an Aberrant Activation of JAKs
in Cancer

Transgenic models expressing hyperactive JAK2 and STATS provide direct exper-
imental evidence that Janus kinases can play a role as proto-oncogenes in the
genesis of solid tumors. Particularly, a mammary-specific expression of the kinase
domain of JAK2 linked to STAT5A and the transactivation domain of STAT6
prolongs cell survival and suppresses apoptosis that, in turn, induces the formation
of sporadic adenocarcinomas (Iavnilovitch et al. 2002). The ability of hyperactive
JAK?2 to cause neoplastic transformation within the mammary epithelium depends
largely on the activation of STATS as the main downstream effector of this Janus
kinase. This notion is supported by the fact that mice overexpressing wildtype or a



264 JW. Schmidt and K.-U. Wagner

hyperactive mutant of STATS develop mammary cancer following a similar latency
period (Iavnilovitch et al. 2002; Vafaizadeh et al. 2010). Although these models are
able to assess the mechanisms by which JAK2 and STATS contribute to the
initiation of solid tumors, the precise genetic and epigenetic alterations that lead
to the activation of these signaling mediators in cancer cells are not accurately
recapitulated. In humans, missense mutations within Janus kinases and JAK fusion
gene products are linked to the initiation and progression of myeloproliferative
disorders and hematopoietic malignancies (Brisken et al. 2002; Brockman and
Schuler 2005; Ruchatz et al. 2003; Slupianek et al. 2002). Although TEL-JAK2,
BCR-JAK2, and PCM1-JAK?2 fusion proteins are observed in various leukemia
subtypes [for references see reviews by Valentino and Pierre (2006) and Ghoreschi
et al. (2009)], chromosomal translocations that lead to the formation of hyper-
activated Jak?2 are not frequently detected in solid human tumors, and these cancers
acquire active JAKSs through alternative mechanisms.

Missense Mutations Within JAKs

Following the discovery and characterization of constitutively activating mutations
of JAK2 (e.g. JAK2V®'7F) in myeloproliferative disorders (Baxter et al. 2005; James
et al. 2005; Kralovics et al. 2005; Levine et al. 2005; Vainchenker and
Constantinescu 2005), considerable effort has been placed in determining whether
hyperactive JAK/STAT signaling observed in several human cancers is due, at least
in part, to activating mutations in Janus kinases. Several recent studies, however,
suggest that the occurrence of the JAK2"°'”" aberration and of homologous
mutations in other JAKs remain a rare event in solid cancers. Thus far, these
sequencing efforts identified mostly silent mutations and polymorphisms (Lee
et al. 2006a; Motte et al. 2007). In prostate cancer, activation of STATS is
associated with cancer cell survival and a high histological grade of primary
tumors. Nonetheless, as a recent report by Gu and colleagues (2010c) showed a
gain-of-function of JAK?2 through the prominent V617F mutation is not the under-
lying cause for the increase in STATS phosphorylation in this type of cancer.
Similarly, this mutation does not contribute to the activation of STAT3 in pancre-
atic cancers (Kocher et al. 2007). Sequencing efforts to identify mutations in JAK,
JAK3, and TYK?2 revealed a rare presence of somatic JAK! and JAK3 missense
mutations in breast, lung, and hepatocellular carcinomas (Table 2) (Jeong et al.
2008; Xie et al. 2009). The biological importance and functionality of these JAK
mutations in carcinogenesis, however, remain unknown.

Epigenetic Silencing of Suppressors of JAK/STAT Signaling
A disruption of negative feedback loops occurs very frequently in human cancer,

which is exemplified by the common loss of tumor suppressors that are antagonistic
to proto-oncogenic pathways. Negative regulators of the JAK/STAT pathway
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Table 2 Somatic JAK missense mutations observed in solid cancers

Gene  Solid cancer  Cancer subtype Predicted amino Domain  References
acid change effected

JAKI  Lung Non-small cell lung T782M JH2 Jeong et al. (2008)
cancer

JAKI Breast Invasive ductal H647Y JH2 Jeong et al. (2008)
carcinoma

JAKI Liver Hepatocellular Q646H JH2 Xie et al. (2009)
carcinoma

JAKI Liver Hepatocellular HO647F JH2 Xie et al. (2009)
carcinoma

JAK3  Breast Invasive ductal V7151 JH2 Jeong et al. (2008)
carcinoma

JH?2 Janus kinase homology 2 (pseudokinase) domain

include the protein tyrosine phosphatases (PTPs), suppressors of cytokine signaling
(SOCS), and protein inhibitors of activated STATs (PIAS) (Greenhalgh and Hilton
2001). JAK phosphorylation is a reversible process, and PTPs are a major regulator
of JAK inactivation through catalyzing its dephosphorylation. SOCS proteins, on
the other hand, suppress cytokine signaling through at least three distinct
mechanisms. These include direct interaction with activated JAKs (i.e. SOCS1),
association with phosphorylated residues on the receptor to block the binding of
SH2 and PTB-domain containing proteins such as STATs (i.e. CIS), a combination
of the two (i.e. SOCS3), or enhancing the proteosome-dependent degradation of
Janus kinases (Greenhalgh and Hilton 2001; Kamizono et al. 2001; Ram and
Waxman 1999). Unlike SOCS proteins that are upregulated in response to cytokine
stimulation to silence the activation of JAKs, the PIAS family of proteins is ubiqui-
tously expressed. They function by binding STATs directly and alter their localization,
DNA binding, transcriptional activation, and additional STAT activities (O’Shea and
Watford 2004). Among the three families of negative regulators of JAK/STAT
signaling, PTPs and SOCS are epigenetically silenced through DNA methylation in
a variety of human cancers. For example, the SOCS! gene is found to be aberrantly
methylated in 60%—65% of hepatocellular carcinomas (Okochi et al. 2003;
Yoshikawa et al. 2001), 50% of pancreatic tumors (Komazaki et al. 2004), and in a
subset of colorectal cancers (Fujitake et al. 2004; Xu et al. 2009). Additional JAK/
STAT inhibitors that are silenced through promoter methylation in hepatocellular
carcinoma and colon cancer include the cytokine-inducible SH2-containing proteins
(CIS), SOCS2, SOCS3, and SHP-1 (Calvisi et al. 2006; Xu et al. 2009). Other reports
have shown that SOCS/ and SOCS2 are hypermethylated in 14-24% of primary
ovarian cancers, and silencing of the SOCS! gene also occurs in 9% of primary breast
cancer cases (Sutherland et al. 2004). Recently, Sasi and colleagues (2010) examined
the expression levels of SOCS1-7 during breast cancer progression. This study
showed that a higher expression of SOCS genes was correlated with factors such as
earlier tumor stage, disease-free survival, lack of disease recurrence, and an overall
better clinical outcome. In light of these observations, the authors suggested that
utilizing DNA methyltransferase inhibitors might provide an additive effect in a
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targeted therapy against hyperactivated JAKs and STATSs. Finally, the SOCS-related
protein, caveolin-1, which is a potent suppressor of JAK2/STATS signaling, has been
demonstrated to be epigenetically silenced through promoter methylation in a variety
of human cancers (Chen et al. 2004; Cui et al. 2001; Park et al. 2002; Wiechen et al.
2001). Similar to transgenic models with a gain-of-function of JAK2 and STATS, a
knockout of caveolin-1 in mice accelerates the formation of multi-focal dysplastic
lesions and mammary tumors (Park et al. 2002; Williams et al. 2003). The develop-
ment of mammary neoplasms in this breast cancer model is closely associated with an
increase in the activation of JAK2 and STATS, which promotes mammary epithelial
proliferation and premature differentiation in response to prolactin and other lacto-
genic hormones during pregnancy.

Autocrine Signaling

The hyper-activation of autocrine signaling networks is common in many human
cancers. Rather than relying upon a constant supply of hormones and locally
produced growth factors, cancer cells initiate the production of cytokines that
bind to their corresponding receptors, which, in turn, activate growth and survival
pathways. For example, autocrine signaling mediated by IL-6 is implicated in lung,
colon, prostate and breast tumorigenesis (Giri et al. 2001; Grivennikov and Karin
2008; Sansone et al. 2007; Shirota et al. 1990). Similarly, the peptide hormone
prolactin (PRL), which signals through JAK2 and STATS, plays an important role
in the etiology of breast cancer. High circulating levels of PRL are associated with
an increased risk of developing breast cancer in humans (Tworoger and Hankinson
2006), and a sustained elevation of PRL has been shown to cause mammary cancers
in transgenic mice (Tornell et al. 1991; Wennbo et al. 1997). In addition to the PRL
that is released from the pituitary gland, breast cancer cells gain the ability to
locally synthesize this hormone and enhance the expression of the PRL receptor
(Clevenger et al. 1995; Ginsburg and Vonderhaar 1995). The importance of a PRL
autocrine loop in the initiation of neoplastic transformation was further verified in a
transgenic model (NRL-PRL) that expresses this hormone specifically in the mam-
mary epithelium, and these transgenic mice develop both estrogen-receptor positive
and negative lesions (Rose-Hellekant et al. 2003). Using JAK2 conditional knock-
out mice, its has been recently demonstrated that the mammary-specific ablation of
this kinase completely prevented the onset of PRL-induced mammary tumors
(Sakamoto et al. 2010). Therefore, the initiation of mammary tumors in the PRL
overexpression model requires the activation of JAK2 and STATS.

Collectively, the various studies that have assessed mutations within the coding
regions of JAKs and STATSs as well as the expression and activation of this pathway
suggest that, unlike in hematopoietic malignancies, genomic alterations in these
signal transducers are rare events in solid cancers. The activation of JAKs and their
downstream mediators appears to be primarily regulated by alternative mechanisms
that include the epigenetic silencing of negative regulators of JAK/STAT signaling
in addition to an enhanced activation of Janus kinases through elevated autocrine
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stimulation of growth factor receptors. Unfortunately, there are only a limited
number of genetically engineered in vivo model systems available today that can
be employed to systematically address the importance of negative regulators of
JAK/STAT signaling in disease initiation and progression.

JAKs as Components of Broader Signaling Networks in Cancer

Within specific cell types, individual JAKs and STATs are in the lines of fire of
diverse cytokine and hormone receptors such as receptor tyrosine kinases (RTKs) and
their downstream mediators that are part of broader signaling networks. JAKs and
STATs are an integral component of receptor crosstalk in normal cells, and it is known
that their biological significance can change within signaling networks following
malignant transformation. Therefore, the extent and type of receptor crosstalk that
utilize JAKs and STATs not only depends on the cell type but also the stage of
neoplastic progression. Examples for an extensive association of JAK/STAT signaling
with RTKSs and their downstream effectors that play pivotal roles in the genesis of
solid cancers are members of the ERBB family and the PI3K/AKT pathway.

ERBB Family

Signaling through the ERBB family of receptor tyrosine kinases (EGFR; ERBB2-4)
is frequently altered in human cancers through activating mutations, gene
amplifications, or overexpression of individual receptors. Mutations within the
human epidermal growth factor receptor (EGFR) are a common feature in
adenocarcinomas of the lung. Previous studies have identified a close relationship
between the extent of EGFR expression and a phosphorylation of JAK2 and STAT3
as well as a selective activation of JAK/STAT signaling by mutant EGFR in lung
cancer cells (Lo et al. 2008; Sordella et al. 2004). Interestingly, the combined
inhibition of the JAK/STAT pathway and the EGFR have been shown to inhibit
tumor growth and cell survival more effectively than either agent alone (Dowlati
et al. 2004; Lo et al. 2008). This suggests that inhibiting JAK/STAT signaling could
serve as a synergistic approach to a targeted therapy against the EGFR. Such a
therapeutic strategy would also affect the ability of the mutant EGFR to induce a
JAK-dependent activation of STAT3 via upregulation of IL-6 production as
recently suggested by Gao and coworkers (2007).

ERBB2 (HERZ2, neu) is amplified in a significant subset of breast cancer cases,
and overexpression of this receptor tyrosine kinase is also frequently observed in
lung cancer, ovarian cancer, and, at a lesser frequency, in colon cancer (Arteaga
2003; Brabender et al. 2001; Hellstrom et al. 2001; Hirsch and Langer 2004; Ochs
et al. 2004). Following the binding of prolactin (PRL) or growth hormone (GH) to
their corresponding receptors, JAK2 becomes activated and phosphorylates the
cytoplasmic domains of the EGFR and ERBB2 (Yamauchi et al. 1997, 2000).
The downstream activation of MAP kinases by GH and PRL has been shown to
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depend on the phosphorylation of these two receptors. Both hormones, GH and
PRL, also activate the cytoplasmic tyrosine kinase SRC, which phosphorylates
various residues on the EGFR that leads to increased receptor signaling (Biscardi
et al. 1999). On the other hand, the SRC family of tyrosine kinases is suggested to
possess non-catalytic functions, and it was reported recently that SRC serves as a
scaffold for the PRL-induced activation of JAK2 (Garcia-Martinez et al. 2010).
JAK?2 and STATS are important for the proliferation of epithelial subtypes in the
mammary gland that are highly susceptible to ERBB2-induced neoplastic transfor-
mation (Henry et al. 2004). It has been demonstrated recently that the conditional
deletion of the Jak2 gene in these epithelial subtypes completely prevents the
formation of mammary tumors in response to increased ERBB2 expression
(Sakamoto et al. 2009). This study provides experimental evidence for the impor-
tance of receptor crosstalk between JAK/STAT signaling and RTK activation
during the process of neoplastic transformation.

In adenocarcinomas of the breast and other organs, the ERBB2 receptor forms
stable heterodimers with ERBB3, and both are suggested to function as an onco-
genic unit (Holbro et al. 2003; Kim et al. 2005). Signaling through ERBB2/ERBB3
receptor complexes has also been shown to rapidly activate TYK2 and JAK3 and
subsequently STAT3 and STATS in the lung epithelium (Liu and Kern 2002).
Another example for important receptor crosstalk between ERBBs and JAK/STAT
signaling is the proposed function of ERBB4 as a nuclear chaperone of active
STATS5A in the mammary gland (Long et al. 2003; Williams et al. 2004). Clark and
colleagues (2005) also demonstrated that ERBB4 modulates the activity of STATS
by regulating the phosphorylation of additional serine residues besides the known
JAK2-mediated tyrosine phosphorylation of this signal transducer. Collectively,
these studies show that, in addition to their classical role as RTKs, ERBBs also
possess important scaffold functions that can significantly modulate the activity of
JAKs and STATSs in normal and neoplastic cell types.

PI3K/AKT

The functional interactions between JAKs and ERBBs are prime examples for the
engagement of different types of receptor tyrosine kinases involved in receptor
crosstalk, but there are other RTKs such as the insulin receptor and the insulin-like
growth factor-1(IGF-1) receptor that specifically interact with JAK1 and JAK?2 and
that play a role in a variety of solid cancers (Gual et al. 1998; Himpe and Kooijman
2009). In fact, many of these RTKs have overlapping biological activities in cancer
cells. For example, ERBB2-overxpressing breast cancer cells are able to evade the
antiproliferative action of a targeted therapy with trastuzumab through up-regulation
of IGF-1 receptor expression or loss of PTEN function (Hynes and Lane 2005). These
shifts in the signaling network are facilitated by downstream mediators such as
phosphoinositide-3 kinase (PI3K) and AKT/PKB that are synchronously activated
by various RTKs. The importance of PI3K signaling in cancer is highlighted by the
fact that this is one of the most frequently deregulated pathways in human cancers
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(Yuan and Cantley 2008). JAK/STAT signaling and the PI3K/AKT cascade share a
number of similarities. Both promote survival, proliferation, and metabolism in a
variety of cell types, and it is therefore reasonable to propose that these pathways
converge within a signaling network. For example, it has been shown that active
STAT3 and STATS can associate directly with the p85 regulatory subunit of the PI3
kinase in hematopoietic cells to initiate an activation of the PI3K/AKT pathway
(Pfeffer et al. 1997; Santos et al. 2001). The functional association of p85 and
STATS is suggested to play a role in myeloid leukemia (Harir et al. 2007; Nyga
et al. 2005; Rosa Santos et al. 2000; Santos et al. 2001), but this interaction is not
restricted to normal or neoplastic hematopoietic cells. Phosphorylated STATS was
also shown to bind to p85 in mammary epithelial cells in vitro and in vivo following
stimulation with PRL (Sakamoto et al. 2007). Prolactin signaling and activated JAK2
have previously been shown to promote PI3K activity (Tessier et al. 2001; Yamauchi
etal. 1998), and it was proposed that active STAT5 may directly stimulate the activity
of the PI3 kinase in the mammary epithelium. This notion is supported by the
observation that the conditional deletion of the Jak2 gene, which causes lack of
STATS activation, leads to a synchronous reduction in the expression and activation
of AKT1 (Sakamoto et al. 2007). This was not a consequence of a functional inhibition
of SRC or MAP kinases since these signal transducers were still activated by PRL in
the absence of JAK2. Deficiency in JAK?2 leads to a dramatic reduction in the total
levels of AKT1, and it was recently demonstrated that STATS5 controls the transcrip-
tional expression of the Akz/ gene in mammary epithelial cells. Nuclear STATS binds
directly to consensus sites within the Akz/ locus in a growth factor dependant manner
and initiates transcription from a novel, mammary-specific promoter (Creamer et al.
2010). This proposed mechanism of a direct modulation of AKT1 expression
and activation through STATS was verified in transgenic mice that overexpress
a hyperactive mutant of this transcription factor in the mammary epithelium. The
gain-of-function of STATS in vivo caused a sustained transcriptional upregulation of
Aktl. The phenotypic consequence of this molecular association was a prolonged
survival of functionally differentiated mammary epithelial cells despite activation of
pro-apoptotic signaling pathways (Creamer et al. 2010). This phenotype is virtually
identical to transgenic mice that overexpress wildtype or hyperactive AKT1 under
the regulation of the MMTV LTR (Ackler et al. 2002; Hutchinson et al. 2001;
Schwertfeger et al. 2001). Collectively, the results of these studies clearly show that
JAK?2/STATS signaling and the PI3K/AKT pathway can converge at various levels in
particular cell types to execute similar biological functions.

Activation of JAKs in Specific Human Cancer Types
Breast Cancer
Elevated levels of prolactin (PRL) have been implicated in the occurrence of human

breast cancer (Hankinson et al. 1999; Tworoger and Hankinson 2006), and this
peptide hormone is suggested to play an important role in the establishment of an
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aberrant autocrine loop that fuels the multiplication of breast cancer cells
(Clevenger et al. 1995; Ginsburg and Vonderhaar 1995). Since PRL signals mainly
through its receptor and the JAK2/STATS pathway in luminal breast epithelial
cells, it is evident that these signal transducers are key for the genesis of human
breast cancer subtypes that originate from this epithelial compartment (Wagner and
Rui 2008). Unlike in normal mammary epithelial cells, PRL is also capable of
activating STAT3 in human breast cancer cell lines (Cataldo et al. 2000),
suggesting that signaling networks undergo a substantial rewiring process during
neoplastic progression. Nelson and coworkers (2007) have recently shown that PRL
activates JAK1 in a JAK2-dependent manner, and this may provide an underlying
mechanism by which this hormone activates STAT3 and MAP kinases that play a
pivotal role in breast cancer progression. The activation of JAK1 may correlate with
particular breast cancer subtypes that result in a poor prognosis, and it has been
reported that the inhibition of estrogen receptor expression in MCF-7 cells leads to
an increase in the activation of JAK1 (Yeh et al. 2007).

Although PRL is a major growth factor for the multiplication of normal and
neoplastic mammary epithelial cells, the activation of JAK/STAT signaling
cascades in breast cancer is not restricted to this peptide hormone. Another growth
factor that activates JAK2 and is known to play a significant role in human breast
cancer is erythropoietin (EPO). It was reported recently that the receptor for
erythropoietin (EpoR) is expressed in a significant subset of human breast tumor
specimens and breast cancer cell lines (Larsson et al. 2009; Liang et al. 2010).
Major side effects in patients treated with erythropoiesis-stimulating agents
prompted the US Food and Drug Administration to issue a black-box warning for
both epoetin alfa and darbepoetin alfa in 2008. It had been found that when these
agents were given to patients with advanced breast cancer to achieve a target
hemoglobin concentration, it shortened their overall survival and increased
disease progression (Crouch and DeSantis 2009). Recently it has been shown
that recombinant human EPO is also capable of counteracting the treatment
of ERBB2-positive breast cancer cells with trastuzumab (Liang et al. 2010).
The EPO-mediated activation of JAK2 and SRC as well as the inactivation of
PTEN were identified as underlying mechanisms for this biological phenomenon.
In addition to PRL and EPO, interleukin-6 (IL-6) is upregulated in primary human
breast cancer specimens, and elevated expression of this cytokine is a poor prog-
nostic indicator for breast cancer patients (Berishaj et al. 2007; Knupfer and Preiss
2007). IL-6 plays a key role in the activation of glycoprotein 130 (GP130) receptor-
associated JAKs that are known mediators of STAT3 phosphorylation. Treatment
of breast cancer cells with a pan-Jak inhibitor, blockade of the GP130 receptor, or
sequestration of the IL-6 ligand each led to a decrease of active STAT3 in breast
cancer cells (Berishaj et al. 2007). This may suggest that an inhibition of the IL-6/
GP130-induced activation of JAK1 and JAK2 might be an effective strategy to
target STAT3 in breast cancer. Besides the cytokines and their receptors that are
known to directly activate JAK/STAT signaling such as PRL, EPO and IL-6,
a recent report highlighted the role of a chemokine-like extracellular matrix
protein, osteopontin (OPN), for the activation of STAT3 in a JAK2-dependent



Activation of Janus Kinases During Tumorigenesis 271

manner (Behera et al. 2010). The study suggests that OPN promotes enhanced
tumor growth and that increased expression of OPN and pSTAT?3 correlates with
breast cancer progression in clinical specimens.

It is evident that JAK1 and JAK?2 are critical for the activation of STATS in breast
cancer cells. Most clinical studies, however, focus solely on the examination of
phosphorylated STATS (in particular STAT1, STAT3, and STATSA/B) as biological
readouts for the activation of JAK/STAT signaling cascades. The initial examination
of the expression and activation of STATSA in breast cancer showed that this signal
transducer is nuclear localized and tyrosine phosphorylated in approximately 76% of
human breast tumors, and its activation was positively correlated with tumor differen-
tiation (Cotarla et al. 2004). Results from a larger study where more than 1,100 breast
cancer specimens were analyzed revealed that active STATS is consistently present in
healthy breast tissue. Its activity, however, is gradually lost during malignant progres-
sion, and less than 20% of metastases expressed active STATS (Nevalainen et al.
2004). Collectively, this study showed that STATS is as an independent prognostic
factor for overall patient survival, but the molecular mechanism responsible for this
phenomenon remained unknown. Recently, Johnson and colleagues (2010) provided
evidence that an upregulation of the protein tyrosine phosphatase 1B (PTP1B) may
account for the reduction in activate STATS in metastatic breast cancer cells. PTP1B
functions as an inhibitor for active JAK2 by catalyzing the dephosphorylation of the
Janus kinase, which consequently suppresses the activation of STATS. The suggested
biological role of active STATS as a proposed suppressor of metastasis is supported by
the observation that STATS promotes differentiation as observed by the homotypic
clustering of breast cancer cells, a reduction in invasive characteristics, and an increase
in the cell surface levels of the adhesion molecule E-cadherin (Sultan et al. 2005). As
the expression and activation of STATS5 declines, the level of phosphorylated STAT3
increases significantly during malignant progression. In fact, approximately 50-60%
of primary breast cancers exhibit a constitutive activation of STAT3, and it has been
shown in various independent studies that this member of the STAT family plays a key
role in breast cancer cell growth, survival, and metastatic progression (Barbieri et al.
2010; Berishaj et al. 2007; Burke et al. 2001; Kunigal et al. 2009; Proietti et al. 2009;
Ranger et al. 2009). As discussed earlier, STAT3 is synchronously phosphorylated in
breast cancer cells by JAK1 and JAK2 in response to the aberrant activation of the
receptors for PRL, EPO, and IL-6 as well as the crosstalk with cytoplasmic and
receptor tyrosine kinases. It can therefore be expected that the targeted inhibition of
STATS3, either directly or indirectly through inhibition of JAKSs, will be of therapeutic
value to treat advanced breast cancers.

Prostate Cancer

Recent evidence suggests a significant association between JAK/STAT activity and the
development of androgen-refractory prostate cancer. Specifically, an increased expres-
sion of the IL-6 receptor and active cytoplasmic STAT3 have been linked to early
relapse and reduced patient survival (Tam et al. 2007). This is in agreement with
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previous work by Drachenberg and colleagues (1999) who observed a correlative
increase in serum IL-6 in patients with hormone-refractory prostate cancer. In addition,
cell culture studies have demonstrated that treatment with IL-6 or expression of
constitutively active STAT3 are sufficient to promote androgen-independent growth
(Lee et al. 2004). In support of this notion, the inhibition of STAT3 was reported to
induce apoptosis in IL-6-dependent prostate cancer cells (Barton et al. 2004). In contrast
to breast cancer, where an inverse relationship between STAT3 and STATS has been
observed, both STATS are active in advanced prostate cancers where they promote
disease progression. While STATS is required for cell viability and growth of the
primary tumor, STAT3 is suggested to be an important driver for metastasis (Gu et al.
2010a, b). In contrast to STAT3, which can be activated by a variety of tyrosine kinases
(e.g. JAK1, JAK?2, JAK3, EGFR/HER family), the activation of STATS in the prostate
epithelium is largely mediated by JAK2 in response to systemic and autocrine PRL
signaling (Dagvadorj et al. 2007; Li et al. 2004; Nevalainen et al. 1997). The PRL/JAK?2/
STATS cascade has been implicated as a critical pathway for the growth, survival, and
malignant progression of prostate cancer, and it is therefore a valid target for clinical
therapy (Liao et al. 2010). This is supported by a number of studies demonstrating the
efficacy of antagonizing PRL, JAK2, or STATS for the treatment and/or sensitization of
prostate cancer cells by inhibiting their growth and viability (Dagvadorj et al. 2007,
2008; Li et al. 2004; Wu et al. 2007). STATS, which is found to be active in 95% of
clinical hormone-refractory prostate cancers, interacts with the ligand-bound androgen-
receptor (AR) to synergistically promote the transcriptional activation of both AR and
STATS (Tan et al. 2008). Since it has been shown that active STATS is necessary for the
survival of androgen-sensitive as well as androgen-independent human prostate cancer
cells, the therapeutic value for targeting JAK2 or STATS in hormone-refractory prostate
cancer is of high clinical importance (Ahonen et al. 2003).

Lung Cancer

Atypical growth factor signaling is especially common in human lung cancers and
frequently occurs through mutations in the epidermal growth factor receptor
(EGFR). These mutant receptors transduce anti-apoptotic signaling selectively
through the Phosphatidylinositol-3-Kinase (PI3K)/AKT and STAT signaling
pathways. Similar to blocking EGFR signaling with gefinitinib, inhibiting the
PI3K or JAKs was reported to cause extensive apoptosis in non-small-cell lung
cancers (NSCLC) that are resistant to conventional chemotherapy (Sordella et al.
2004). The matrix metalloproteinase-10 (MMP-10) is a major contributor of lung
tumor development and expansion through degradation of the extracellular matrix.
Interestingly, protein levels of MMP-10 are significantly elevated in NSCLC
compared to normal lung tissue, and this increase was reported to be JAK2-
dependent through activation of the IL-6/JAK2/STATS3 signaling cascade (Zhang
et al. 2009). Despite a clear relationship between JAKs and advanced lung cancer,
additional studies are needed to better decipher their role in disease initiation and
their potential for preventative and/or therapeutic intervention.
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Head and Neck Cancer

STATS and STAT?3 are found to be highly expressed and activated in a number of
squamous cell carcinomas of the head and neck (SCCHN), where these signal
transducers contribute to cancer cell survival and proliferation (Lai and Johnson
2010). The constitutive activation of STAT3 is frequently observed in SCCHN and
is suggested to be an early event in carcinogenesis (Grandis et al. 2000; Nagpal
et al. 2002). STATS, on the other hand, is thought to be activated during disease
progression in response to EPO signaling. The abundance of EPO and its
receptor in tumor biopsies correlates significantly with disease progression, and
their highest expression is observed in the most malignant and invasive
specimens. In support of these observations, Mohyeldin and coworkers (2005)
showed that inhibition of JAK2 was sufficient to reduce both basal and EPO-
induced invasiveness. In a study by Xi et al. (2003), active STATS was consis-
tently elevated in head and neck tumors compared to normal epithelium, and
there was a close correlation between phosphorylation of STAT5 and malignant
progression. Particularly, the targeted inhibition of STATS5B resulted in a
reduced proliferation of SCCHN cancer cells in vitro and tumor growth in vivo
(Leong et al. 2002). Collectively, both studies suggest that targeting JAK2 and
STATS5B could be clinically relevant for the treatment of advanced head and
neck cancer.

Melanoma

As with cancers of the prostate and head and neck, STAT3 and STATS display
significant levels of activity in melanocytes as they progress from a normal into a
malignant stage, and both STATSs have been shown to be needed for the survival
and growth of melanoma cells (Hassel et al. 2008; Kortylewski et al. 2005;
Mirmohammadsadegh et al. 2006; Niu et al. 2002). A previous study by Niu
et al. (2002) suggested that STAT3 and STATS are predominantly activated by
the SRC kinase, but a new report by Huang et al. (2008) showed that the increase
in STAT3 activation was accompanied by an upregulation of JAK2 and a
decrease in SOCS-1. The utilization of interferons (i.e. IFN-a) in the treatment
of melanoma to provoke an anti-tumor response requires JAK/STAT signaling.
Specifically, STAT1, which is activated by JAK1 and TYK2, is critical for the
anti-proliferative effect of IFN-a and INF-y (Kortylewski et al. 2004; Tassiulas
et al. 2004). Samples from melanoma patients clinically resistant to IFN-o
therapy frequently exhibited dysfunctional JAK/STAT signaling, including a
reduction in STATI activity (Pansky et al. 2000). In addition to inducing an
anti-tumor response via STATI, it was also found that IFN-a causes phosphory-
lation of STATS, which leads to resistance to cytokine-mediated antiproliferative
therapy (Wellbrock et al. 2005). Therefore, overcoming interferon resistance in
melanoma may lie in the ability to discriminate between the activation of
particular STAT family members.
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Gastrointestinal Cancers

The IL-6 and GH-mediated activation of STAT3 and STATS via JAK1 and JAK2
plays a key role in hepatocellular carcinoma (HCC) (Chow et al. 1996; Fuke et al.
2007; Lee et al. 2006b; Tan et al. 2010). In particular, expression and activation of
STATSB, which is the main target of JAK?2 in response to GH signaling, is associated
with a young age at tumor onset, metastatic progression, and overall poor patient
survival (Fuke et al. 2007). Paradoxically, the loss of STAT5A/B in hepatocytes
results in liver fibrosis and enhances chemically-induced tumor formation, presum-
ably through increased activation of TGF-f and STAT3 (Hosui et al. 2009). Active
STAT3 is found in approximately 50% of HCC specimens and 75% of metastatic
lesions, whereas little or no activity of this signal transducer is observed in adjacent
normal tissue. Inhibition of Janus kinases with AG490 has been shown to lower the
activation of STAT3, which results in reduced cell proliferation and viability and
enhances TNF-related apoptosis-inducing ligand (TRAIL)-induced apoptosis (Fuke
et al. 2007). This suggests that inhibition of Janus kinases might be a suitable strategy
for sensitizing HCC cells for TRAIL agonists currently under development.

The importance of JAK/STAT signaling in pancreatic cancer was recently
highlighted in a study by Thoennissen and colleagues (2009) who tested the efficacy
of the experimental anti-cancer drug Cucurbitacin B. This agent causes significant cell
cycle arrest and apoptosis of pancreatic cancer cells associated with inhibition of
JAK2, STAT3, and STATS. Another study by Lee et al. (2007) suggested that
enhanced JAK2 activity, which is observed in pancreatic cancers, might be a result
of elevated levels of reactive oxygen species (ROS). According to this report, growth
factor signaling promotes the formation of ROS, which, in turn, prolongs JAK2
phosphorylation and cell survival by inhibiting the low molecular weight-protein
tyrosine phosphatase (LMW-PTP) responsible for JAK?2 inactivation.

Sustained activation of Janus kinases 1 and 2 is commonly observed in human colon
cancers, and the JAK1/2-mediated activation of STAT3 is suggested to control key
events during early colonic tumorigenesis and its progression into malignant adenocar-
cinoma. According to a study by Xiong et al. (2008), the expression of active STAT3
increased from 26.7% in the normal epithelium to virtually 100% in adenocarcinomas
as determined by immunostaining. This was accompanied by an increase in pJAK2
staining from 46.7% to 81.6%, respectively. The authors further demonstrated that
JAKI, JAK2, and STAT3 are involved in controlling the growth, survival, and
metastatic capabilities of colorectal cancer cells. Beside these changes, a functional
loss of p53 is observed in the majority of colon cancers and has been shown to confer
resistance to irinotecan, a topoisomerase 1 inhibitor. On the other hand, irinotecan is
able to enhance TRAIL-induced apoptosis in a p53-independent manner, and this
cellular phenomenon is reported to be a consequence of an inhibition of JAK2/
STAT3/5 signaling which leads to reduced colon cancer metastases (Ravi et al.
2004). Finally, JAK2 is also implicated in mediating the growth-promoting anti-
apoptotic effects of the potent growth factor glycine-extended gastrin (G-Gly).
Overexpression of G-Gly in transgenic mice promotes colonic proliferation, and
colon cancers are known to upregulate G-Gly as part of an autocrine signaling



Activation of Janus Kinases During Tumorigenesis 275

mechanism (Koh et al. 1999; Stepan et al. 1999; Watson et al. 1999). According to a
study by Beales and Ogunwobi (2006), JAK2 is activated in response to G-Gly and
promotes the subsequent activation of AKT and STAT3. The authors suggested that
targeting G-Gly directly or through key signaling nodes (i.e. JAKs) might be a useful
approach for sensitizing colon cancers to chemotherapeutic agents. In a follow-up
study, Ogunwobi and Beales (2007) also found that JAK?2, in conjunction with AKT
and STATS3, is required for the anti-apoptotic effects of leptin in colon cancers.
Collectively, signaling through JAK1 and JAK?2 and possibly even JAK3 (Lin et al.
2005; Mori et al. 2005) regulates important biological events during colon cancer
initiation and progression, but it needs to be experimentally verified that JAKs are
genuine targets for colon cancer prevention and therapy.

Additional Human Cancer Types

There is emerging evidence from a number of recent reports that JAK/STAT signaling
plays a key role in the genesis of an even wider variety of malignant tumor subtypes
including cancers of the brain, cervix and ovary. For example, JAK2 and STATS were
suggested to be constitutively active in most brain tumors compared to normal brain
tissue, which has a significantly lower activity of JAK2 and STATS. This abnormal
stimulation of JAK2 and STATS was reported to be a consequence of both ligand-
dependent and ligand-independent mechanisms (Kondyli et al. 2010). Similar to
breast cancer, enhanced signaling through the EPO and IL-6 receptors play a key
role in cervical and ovarian cancers. Specifically, the EPO ligand and receptor are
expressed in 88% and 92% of cervical tumor samples, respectively (Leo et al. 2006).
In a new study, Sobti and colleagues (2010) observed a significant increase in
STATS5B expression in cervical tumors compared to nearly undetectable levels of
this signal transducer in normal tissues. The authors also reported that the expression
of STATSB was associated with the severity of the disease. Finally, a recent study by
Colomiere et al. (2009) shows that ovarian cancers exhibit a significant increase in the
activity of JAK2 and STAT3 compared to normal tissues, which was reported to be the
consequence of receptor crosstalk between the EGFR and the IL6-R signaling through
JAK2 and STAT3 during the process of epithelial to mesenchymal transition
(Colomiere et al. 2009). Collectively, all these studies suggest that aberrant activation
of JAK/STAT signaling cascades seem to play important roles during particular stages
of disease initiation and malignant progression.

V. Targeting JAKs for the Prevention and Treatment of Cancers

The development of small molecular inhibitors against JAKSs, in particular JAK?2, to
treat myeloproliferative disorders (MPDs) and hematopoietic cancers invigorates
the concept to utilize these new agents for a pharmacological inhibition of Janus kinases
in solid cancers. There is also sufficient experimental evidence to suggest that some of
the newly developed drugs might be successful in future clinical settings. For example,
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JANEX-1, a small molecule inhibitor of JAK3, is reported to be effective in preventing
intestinal tumor development in the APC™" model for spontaneous intestinal adenoma
formation (Uckun and Dibirdik 2010). This finding is encouraging since JAK3 has been
recognized as a poor prognostic indicator in colon cancer (Lin et al. 2005; Mori et al.
2005). However, this finding brings along with it a note of caution as systematic
inhibition of JAK3 can lead to severe combined immunodeficiency. Whether this or
similar compounds will be useful as a chemopreventive drugs remains to be seen as
these types of agents would have to be administered over long periods of time.
Currently, there are more than a dozen investigational studies underway to test putative
JAK?2 inhibitors to treat MPDs (Geron et al. 2008; Pardanani 2008; Pardanani et al.
2010; Wernig et al. 2008). Among these agents, INCB018424 from Incyte might be of
interest for the treatment of solid cancer since this drug was reported to inhibit both
JAKI1 and JAK2 that are often simultaneously hyperactive in solid cancers (Verstovsek
et al. 2010). Despite these advances, it still remains to be determined whether all these
new agents are genuine inhibitors that specifically target their corresponding Janus
kinase(s). Also, unlike MPDs and other hematopoietic malignancies that originate
through point mutations or structural abnormalities in the JAK2 gene, the vast majority
of solid cancers exhibit a constitutive activation of wildtype JAKs and STATSs through
alternative mechanisms. Therefore, it might be unreasonable to expect that drugs
specifically designed to target the mutant JAK2 will have the same efficacy in the
treatment of solid cancers that exhibit an upregulation of active, wildtype Janus kinases.

Much of the work demonstrating the importance of JAK/STAT signaling in human
cancers has been performed using cancer cell lines by knocking down JAKs, STAT3,
and STATS or by utilizing various JAK inhibitors, which have been shown to alter
tumorigenic properties such as growth, survival, and invasion. While these studies
provide detailed insights into particular pathways that promote malignant properties of
cancer cells, they do so under non-physiological conditions in primary or metastatic
cells. Specifically, the activation of Janus kinases in established cancers requires a
ligand-inducible stimulation of the JAK-associated hormone and cytokine receptors,
but there are known inter-species-related incompatibilities between growth factors
that can significantly alter the outcome of a preclinical study (Wagner et al. 2004). For
example, the hormone PRL is suggested to fuel the proliferation of breast cancer cells.
While some breast cancer cell lines might synthesize PRL as part of an autocrine loop,
the systemic hormone produced in the mouse failed to induce biologic responses
mediated by the human PRL receptor such as cell clustering, proliferation, and signal
transduction through STATS, STAT3, ERK1/2, and AKT (Utama et al. 2006). Hence,
in order to adequately reflect the endocrine environment in breast cancer patients, it
would be necessary to “humanize” the recipient animal model through expression of
hormones and cytokines that activate their receptors and downstream JAKs and
STATs in a physiological manner.

Although the efficacy and specificity of putative JAK inhibitors remain to be more
thoroughly assessed in patients and animal models that permit an activation of JAKs
and STATs at physiologically relevant levels, there are appropriate genetic tools
available to date to examine whether particular JAKs and STATS are required for
disease initiation and progression. Specifically, conditional knockout mice for JAK2,
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STATS, STAT3, and STAT1 are available (Krempler et al. 2004; Cui et al. 2004;
Takeda et al. 1998; Klover et al. 2010) that can be used to delete these signal
transducers in a temporally controlled manner specifically within primary or metastatic
cancer cells (i.e. following neoplastic transformation). In addition, transgenic mice that
express wildtype or hyperactive STATS under regulation of the tetracycline-controlled
transactivator have been generated (Creamer et al. 2010; Yamaji et al. 2009), and those
can now be used to downregulate exogenous STATS in solid tumors or hematopoietic
malignancies. Such an experimental design would address whether STATS that con-
tribute to neoplastic transformation are equally required for the maintenance of a
neoplasm. Based on these experimental concepts, Sakamoto and colleagues recently
discriminated the importance of JAK2 in mammary tumor initiation versus progres-
sion in two established breast cancer models (Sakamoto et al. 2009, 2010). Collec-
tively, the results of these two studies clearly show that the deletion of the Jak2 gene
from the mammary epithelium prior to tumor onset completely protected female mice
from developing mammary tumors in response to an overexpression of ERBB2 as well
as PRL. This suggests that signaling through JAK? in the cancer-initiating epithelial
subtype is required for neoplastic transformation, and therefore targeting JAK2 might
be a suitable strategy for cancer prevention. In principle, this experimental design is
similar to previous animal model studies on the basis of conventional knockout mice to
assess the appearance of neoplasms in the absence of a gene-of-interest, for example
Stat5a or Cyclin DI (Humphreys and Hennighausen 1999; Yu et al. 2001), and this
also includes models that co-express Cre recombinase and an oncogene such as
ERBB?2 from a bicistronic construct in a conditional knockout background (Klover
etal. 2010; Ursini-Siegel et al. 2008). The lack of tumorigenesis in particular knockout
models, for example Cyclin D1 null mice (Yu et al. 2001), prompted the authors to
suggest that targeting these genes is therapeutically relevant to treat established
cancers. These conclusions are premature since these mice neither developed cancer
nor expressed the “therapeutic target” a single day in their lives (Matulka and Wagner
2005). The use of the conditional JAK2 knockout mice has demonstrated that the
timing of the functional ablation of a gene is critical for its impact on tumorigenesis.
While the deletion of Jak2 prior to tumor initiation was protective against mammary
cancer, the ablation of this Janus kinase from fully neoplastic cells had no impact on
tumor cell survival and proliferation in vitro or in vivo (Sakamoto et al. 2009, 2010).
Collectively, both studies show that JAK2 is a moving target during neoplastic
progression, and the gain-of-function of other tyrosine kinases, in particular RTKs,
might substitute for the loss of JAK?2 in particular tumor types. The role of JAK1 alone
or in combination with JAK?2 in tumorigenesis still needs to be determined once a
conditional knockout mouse for JAK1 becomes available.

Concluding Remarks

Janus kinases have important functions in normal tissue homeostasis, and their
constitutive activation can promote neoplastic transformation and cancer progression.
Specifically, a sustained activation of Janus kinases 1 and 2 is commonly observed in a
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variety of solid human cancers. However, unlike hematopoietic malignancies that
originate through point mutations or structural abnormalities in the JAK2 gene, solid
cancers almost exclusively exhibit a hyper-activation of wildtype JAKs and STATs
through alternative mechanisms. These include the epigenetic silencing of negative
regulators of JAK/STAT signaling as well as an enhanced activation of Janus kinases
through aberrant autocrine stimulation of growth factors such as PRL, EPO, and IL-6.
Janus kinases and their associated STATSs are an integral component of receptor
crosstalk in normal cells, and recent studies in genetically engineered models show
that their biological significance can change within signaling networks following
malignant transformation. The extent and type of receptor crosstalk that utilize
JAKSs and STATS therefore not only depends on the cell type but also the stage of
neoplastic progression. This is one reason why JAKs can become moving targets for
chemoprevention and therapy. Due to the heterogeneity of solid cancers, the outcome
for a successful treatment of primary and metastatic tumors with JAK inhibitors
requires a stratification of cancer subtypes according to their molecular characteristics
that should not be restricted to gene expression profiles but rather include the activa-
tion of particular JAK/STAT pathways. First reports on the successful development of
JAK1/2 inhibitors and their use in the clinic to treat MPDs and other hematopoietic
malignancies are encouraging. The efficacy and specificity of these agents remain to
be thoroughly evaluated in patients with solid tumors or preclinical animal models for
human cancers. In addition, genetically engineered mice in which individual JAKs
and STATSs can be deleted from normal and neoplastic cell types can be utilized to
address whether they are required for disease initiation and progression. They may
also determine whether targeting individual JAK/STAT signaling pathways are rele-
vant for the prevention and/or treatment of specific cancer subtypes.
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