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Stat5 is constitutively activated in many human cancers affecting the expression of cell proliferation and cell
survival controlling genes. These oncogenic functions of Stat5 have been elegantly reproduced in mouse
models. Aberrant Stat5 activity induces also mitochondrial dysfunction and reactive oxygen species leading to
DNA damage. Although DNA damage can stimulate tumorigenesis, it can also prevent it. Stat5 can inhibit
tumor progression like in the liver and it is a tumor suppressor in fibroblasts. Stat5 proteins are able to
regulate cell differentiation and senescence activating the tumor suppressors SOCS1, p53 and PML.
Understanding the context dependent regulation of tumorigenesis through Stat5 function will be central to
understand proliferation, survival, differentiation or senescence of cancer cells.
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1. Introduction

Stat5a was discovered as a transcription factor regulating milk
protein expression. It was initially called Mammary Gland Factor
(MGF) [1] but renamed Stat5 according to homology within the Stat
family [2,3]. A follow up manuscript identified that two distinct genes
encode two isoforms, named Stat5a and Stat5b [4]. Many cancer
relevant cytokines and growth factors were shown to activate Stat5
[5,6] and several steroid hormone receptors synergize with Stat5
activity (Fig. 1). The interest of Stat5 in oncology comes from the
initial observations of its activation in many human cancers where it
can reside in the nucleus or in the cytoplasm (Fig. 2). Mutations in
Stat5 genes have not been found in human tumors, with the exception
of myeloid leukemia, where the Stat5b C-terminal part fuses with
RARα [7,8]. However, mutations in signaling pathways acting up-
stream of Stat5 proteins are abundant inmany cancer types, especially
in those of the hematopoietic system [9]. Surprisingly, recent studies
have pointed out to possible tumor suppressor activities of Stat5 in
hepatic cells or fibroblasts [10]. Data are emerging that Stat5 proteins
control genes with either oncogenic or tumor suppressor activities.
The molecular and cellular contexts influencing the gene expression
profile and the activities of Stat5 are now under scrutiny. Ideally,
interventions to modulate this pathway should aim at inhibiting
its oncogenic activities without interfering with tumor suppression.
Here we review the contexts where oncogenic and tumor suppressor
activities of Stat5 proteins have been described. We discuss and
anticipate future progress in the field.
Fig. 1. Stat5 activation by cytokines or growth factors and interaction with nuclear hormo
mutated components from these signaling pathways are grouped based on their function an
are given as detailed and listed in the text. The critical interactions leading to modulation o
receptors phosphorylate Stat5 promoting nuclear translocation. Steroid hormones also influ
androgen receptor; GR, glucocorticoid receptor; ER, estrogen receptor; PR, progesterone re
Stat5a and Stat5b proteins can form homo- or heterodimers and they can also interact throug
so called oligomers. Abbreviations: EGF: (epidermal growth factor receptor); EPO: (erythrop
factor); G-CSF: (granulocyte-colony stimulating factor); IGF-1: (insulin like growth factor-1
(prolactin); P-Y: (phospho-tyrosine); SCF: (stem cell factor); TPO: (thrombopoietin); TSLP
2. Activation of Stat5 proteins and insights from different cancers

It is conceivable that multiple factors such as epigenetic changes,
regulation by miRNA [11], altered proteolytic pathways, gene
amplification and aberrant growth factor signaling contribute to
activation of Stat5 proteins in human cancers [9,12–14] . Phosphor-
ylation of Stat5 by tyrosine kinases is so far the best-documented
mechanism of Stat5 activation, especially in hematopoietic cancers
(see Fig. 1) but defects in the negative regulatory mechanisms of
Stat5 activation mediated by tyrosine phosphatases, SOCS and PIAS
family proteins also play important roles. Many hormones such as
glucocorticoids, estrogens, progesterones or androgens influence the
outcome of Stat5 activation. Physical interactions between hormone
regulated transcription factors and Stat5may account for the effects of
these hormones on Stat5-mediated gene transcription (Fig. 1).

2.1. The role of Stat5 protein activation in hematopoietic neoplasms

High Stat5 activity is particularly linked to myeloid cell transfor-
mation including granulocyte, macrophage, erythroid and megakar-
yocyte lineages. Persistent activation of Stat5 was found in chronic
myelogenous leukemia (CML), erythroleukemia, acute lymphocytic
leukemia (ALL), myeloproliferative diseases (MPDs) like polycythe-
mia vera, thrombocytopenia, idiopathic myelofibrosis, mastocytosis,
or severe congenital neutropenia [15,16]. Most frequently, Stat5
activity is induced by hyperactive tyrosine kinases such as Jak2. In fact,
Jak2 (V617F) is the most frequently mutated tyrosine kinase in the
ne receptors. Exemplified is prolactin receptor signaling. Cytokines, growth factors or
d protein similarities. Major mutations in tyrosine kinases or fusion of tyrosine kinases
f Stat5 activity may occur in the cytoplasm where the Jak kinases coupled to cytokine
ence Stat5 activity via protein–protein interactions between the nuclear receptors (AR,
ceptor) and Stat5 that modulate promoter recognition and transcriptional activation.
h their N-terminal domainwith Stat dimers inducing DNA loop structures on chromatin,
oietin); GH: (growth hormone); GM-CSF: (granulocyte-macrophage colony stimulating
); IL: (interleukin); OSM: (oncostatin M); PDGF: (platelet derived growth factor); Prl:
: (thymic stromal lymphopoietin).



Fig. 2. Canonical and non-canonical Stat5 signaling. Jak2 links Stat5 activation to cytokine receptors such as exemplified with the erythropoietin receptor, while several mutated
growth factor receptors such as Flt3-ITD or Kit (D816V) can activate Stat5 from the ER-Golgi membrane networks. Alternatively, also unphosphorylated Stat5 (U-Stat5) might have
signaling capacity as implicated in signal transduction from the insulin and insulin like growth factor receptor systems. Activated Stat5 can translocate to the nucleus to regulate gene
expression or it can mediate PI3K/Akt signaling in the cytoplasm.
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human kinome [17–19]. Recently, nuclear Jak2 was linked with
tyrosine phosphorylation of histone H3 tails [20], but it is unknown
how nuclear Jak2 may interact with Stat5. Interestingly, different
mutations of Jak2 at amino acid position R683 were linked with ALL,
which occurs with five times higher frequency in Down's syndrome
children [21]. Erythropoietin and thrombopoietin receptor mutations
that activate Stat5 have also been found in MPD [13,22–24]. These
mutated receptors activate Stat5 via Jak2 [22,23]. Mutations/ampli-
fication in growth factor receptor genes such as Kit (D816V) or Flt-3
(ITD) are associated to acute myeloid leukemia (AML) [25–27] and
mast cell neoplasms [28,29]. Intriguingly, these receptors activate
Stat5 from the endoplasmic reticulum [27,30] (Fig. 2).

Further important drivers for ALL or CML are tyrosine kinase
translocation products, which are particularly frequent in leukemias.
These include the fusion proteins TEL/JAK2 and BCR/ABL, which
activate Stat5 proteins [31–34]. Stat5 activity is important for the
transformed phenotype of bcr/abl+ cells [35–37]. Bcr/abl but not Tel/
Jak2 was capable of inducing leukemia in Stat5ΔN mice [38,39] but
it was later shown that this allele was hypomorphic (see below).
Using a complete Stat5a/b knockout it was verified that Stat5-
deficient fetal liver cells were resistant to transformation by the v-abl
or bcr/abl oncogenes [40]. A subsequent study proved also that
leukemia maintenance by the Abelson oncogenes depends on Stat5
protein function [41]. Together these studies justified efforts to target
Stat5 in myeloid neoplasms [41–44]. The N-terminal oligomerisation
or the C-terminal transactivation domains of Stat5 proteins might
serve as attractive protein domains for targeting since they may
control differential gene expression by these proteins [45,46].

A general role for Stat5 protein activation in hematopoietic
neoplasms came also from mouse transplant models. Retroviral
transduction of Stat5 or gain-of-function mutants of Stat5 into
hematopoietic cells followed by transplantation into wild type
recipient mice caused MPD [46], lymphoblastic lymphoma [47,48]
or pre-B lymphomas [49]. Stat5 activation conferred also a strong
clonal advantage to myeloid progenitors bearing mutations in the
G-CSF receptor [50]. In addition, gain-of-function mutants of Stat5
initiate leukemia formation mainly through promotion of self
renewal and survival in myeloid cell types [28,45,46]. The role of
Stat5 in lymphomas is less studied, however, the ability of Stat5 to
regulate self renewal and Bcl6 in B cells suggest a mechanism by
which Stat5 could promote lymphomagenesis [51]. Of interest, IL-
21, a Stat5 activator is highly expressed in Hodgkin lymphomas
(HL) and expression of constitutively active Stat5 in primary human
B cells leads to immortalized cells that look like HL cells [52].
2.2. Activation or inactivation of Stat5 proteins by viruses: HTLV-I and
HIV

The human T cell lymphotropic virus-I (HTLV-I) causes adult T cell
leukemia and tropical spastic paraparesis. Stat5 is constitutively
activated in HTLV-I-transformed cells [53]. The p12(I) protein,
encoded by the pX open reading frame I of HTLV-1 contributes to
Stat5 activation. This protein localizes to the endoplasmic reticulum
and the Golgi and binds to the cytoplasmic domain of the interleukin-
2 receptor (IL-2R)β chain in complex with Jak1 and Jak3 kinases
(Fig. 2). As a result of this interaction, p12(I) increases Stat5 DNA
binding and transcriptional activity [54].

In contrast, HIV viruses use several mechanisms to escape
recognition of distinct T cell subsets controlled by Stat5 proteins.
Here, down regulation or alteration of Stat5 activation pathways was
associated with changed IL-7 signaling [55,56]. A recent study carried
out with human and simian immunodeficiency viruses in macaques
showed that infection down regulates both Stat5a and Stat5b mRNA
and protein expression [57]. These viruses induce as a consequence
severe hematopoietic defects. The escape of Stat5-dependent T cell
functions by HIV also results in higher tumor incidence, since im-
munodeficient HIV patients have a higher risk to develop cancer, often
associated with additional infectious diseases which themselves drive
tumorigenesis.

image of Fig.�2
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2.3. Breast cancer

Stat5 proteins are important for the development and functions
of the mammary gland [58,59]. Autocrine loops of growth hormone
(GH) and prolactin (Prl) were described in breast cancers [60–62],
explaining pYStat5 activity in those tumors. There is also experimen-
tal data showing that increased GH expression correlates with
malignant behavior [63–65]. Stat5 can also be activated by the
epidermal growth factor receptor (EGFR/ErbB) pathway [66]. Overall,
Stat5 was suggested to have a dual role in breast cancer. On the one
hand Stat5 promotes malignant transformation in mammary epithe-
lial cells [67] and it is important for cancer initiation. For example, a
dominant-negative Stat5a was able to induce apoptosis in an estrogen
positive breast cancer cell line [68] and ablation of one Stat5a allele
in mice engineered to express T antigen in mammary epithelial cells
was sufficient to reduce tumor incidence [69]. On the other hand,
Stat5 activity is related to a better prognosis for patient survival since
it indicates mammary epithelial cell differentiation [58,59,70] and
delayed metastatic progression. Interestingly, a recent study with
breast epithelial cells links Stat5 activationwith increased cell survival
upon Prl action through direct transcriptional activation of the Akt1
kinase [71].
2.4. Prostate cancer

A large fraction (~95%) of hormone refractory prostate cancer
displays persistent Stat5 activity [72], often in association with GH
and Prl expression [73,74]. A mouse model of Stat5 activation by Prl
recapitulates prostate tumorigenesis from precancerous lesions to
invasive carcinoma [75]. High pYStat5 correlates with high histolog-
ical Gleason grade of human prostate cancer and bad prognosis [74].
Experimental cell line models suggest that high pYStat5 levels main-
tain the malignant phenotype. Importantly, Stat5 synergizes with the
androgen receptor (AR; Fig. 1) increasing nuclear localization and
transcriptional activity of Stat5 [72]. Adenoviral gene delivery of a
dominant-negative Stat5a mutant induced cell death and inhibited
growth or invasive properties of human prostate cancer cells [76,77].
TGF- β  /SMAD
signaling:

Stat5-TGF- β
interaction

Stat5 action
transcriptional 

G1/S transition
control:
cyclin D1, D2, D3
c-myc

Survival:
miRNA15/16
bcl-2
mcl-1
bcl-xL

Core cancer pathways controlled by

Core cancer pathways controlled by S

Stat5 action via
protein intera

Fig. 3. Core cancer pathways (definition according to Vogelstein and Kinzler [127]) like TGF-β, P
by Stat5 action. The TGF-β and PI3K/PTEN signaling pathway are directly influenced by Stat5 pro
pYStat5 can bind toGab2, a scaffoldmolecule activating PI3K/AKT signaling. The HIF1α signaling
via gene induction (black arrow up) or repression (black arrow down). Key Stat5 target genes
2.5. Lung, head and neck cancers

The Jak–Stat pathway is frequently activated in lung and head
and neck cancer [78]. In the lung little is known about a role for Stat5
in tumorigenesis. However, studies by Grandis and colleagues
demonstrated that Stat5 contributes to growth and the formation
of squamous cell carcinoma of the head and neck (SCCHN) and
resistance to EGFR inhibition [79–81]. The mechanism of increased
Stat5 activity in these solid tumors is not defined, but activation of
Stat5 via Src and the EGFR in SCCHN cell lines was proposed [79,80].

2.6. Liver cancer

Stat5b activation was found in hepatocellular carcinoma (HCC)
clinical samples in association with advanced tumor stages. Stat5b
enhances HCC aggressiveness through induction of epithelial–mes-
enchymal transition [82]. In apparent contrast, loss of Stat5 in mice
caused steatosis, liver fibrosis and promoted chemically induced liver
cancer [83]. This was partly explained by a compensatory pYStat1/
pYStat3 and TGF-β axis, where a new role for the Stat5 N-terminus
was described in binding directly TGF-β [83,84] (Fig. 3). Alternatively
and provoking, it might also hint to a lack of tumor suppressor
functions by Stat5 (see Section 5).

2.7. Melanoma

The study of hereditary malignant melanoma in the fish Xipho-
phorus established a link between tyrosine kinase receptors and Stat5
in melanomas [85]. pYStat5 was found in 62% of melanoma patients
analyzed [86] and this activation could contribute to resistance to the
anti-proliferative activity of interferons [87] and cell survival [88].

2.8. Other malignancies

Furthermore, activated Stat5 was found in intraductal papillary
mucinous neoplasms but not in normal pancreatic benign adenomas
[89]. Cucurbitacin B, an experimental drug for pancreatic cancer
caused dose- and time-dependent G(2)-M-phase arrest and apoptosis
PI3K/PTEN
signaling:

Stat5-Gab2-p85 
interaction

 as a 
regulator

HIF1α
signaling:
vegf

DNA damage 
control:
rad51

 Stat5-mediated gene regulation

tat5 protein-protein interaction

 protein-
ction

I3K/PTEN, HIF1α signaling, survival, G1/S transition or DNA damage control are controlled
tein–protein interaction (above). TGF-β can be bound to the Stat5 N-terminus or activated
, survival, G1/S transition orDNA damage control pathways are directly regulated by Stat5
for core cancer pathways are indicated by italic names.
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of pancreatic cancer cells in association with inhibition of activated
Jak2, Stat3, and Stat5 [90]. Stat5 activity was further linked to
glioblastoma and colon carcinoma progression or invasion [91,92].
Stat5b was found up regulated in cervical cancers in association with
HPV infection while Stat5a was down-regulated [93]. Finally, in
ovarian cancer, a link was proposed between Stat5 activation and
angiogenesis regulation [94] (Fig. 3).

3. Stat5-regulated transcription: A matter of protein–protein
interaction

Stat5 proteins are considered transcriptional activators when
tyrosine phosphorylated and bound to DNA. However, they have less
strong transactivation domains compared to other Stat family
members [95]. On the other hand, Stat5 proteins boost transcription
in concerted action with other transcriptional regulators, e.g. the
glucocorticoid and androgen receptors (GR;AR; Fig. 1) [13,72,96–100].
Some Stat5 target genes have clusters of Stat5 binding sites
(TTCNNNGAA) that may also increase Stat5-transcriptional activity
[101–104]. A key factor in target recognition is the interplay between
Stat5 dimers and oligomers bound to DNA since the latter can
recognize non-consensus elements [105,106].

Stat5 proteins do repress genes [107,108] and microarray studies
of cells with gene deletion of Stat5 transcription factors revealed not
only significantly down-regulated genes, but also many up regulated
genes [104,109,110]. One example is ovarian Stat5b, which represses
20α-hydroxysteroid dehydrogenase [111] or lymphoid Stat5 that
represses Igκ recombination [112]. Stat5 proteins were shown to act
repressive for primitive and transactivating for definitive erythropoi-
esis [113]. Interestingly, Stat5 was also shown to repressmiRNA15/16,
which causes up regulated bcl-2 and bcl-xL mRNA expression [103].
The underlying mechanism is less studied and it might depend on the
concerted action with corepressor molecules or other transcription
factors.

Stat5a and Stat5b proteins exert not only overlapping but also
distinct functions. This originates from individual cell-specific
differences in mRNA levels [80,114–116], slightly different DNA
binding specificity [117], altered half life of pYStat5 isoforms, nucleo-
cytoplasmic shuttling [118,119] or differential activation by serine
phosphorylation [120,121]. The cell type specific differences in Stat5a
or Stat5b protein expression have also consequences for cancer
initiation or progression. Mammary-directed expression of wild type
Stat5a resulted in mammary tumors [122] and both isoforms have
differential activities in association with the ERα or ERβ isoforms
[117]. In contrast, other tumors like HCC or glioblastoma rely on
Stat5b activation [82,91]. These studies indicate that factors controlled
by distinct Stat5 isoformsmay also modulate organ specific oncogenic
functions. One such factor is Bcl6, a well known transcriptional
regulator protein in lymphoid, mammary epithelial or liver cells.
Stat5b was shown to directly cause Bcl6 up regulation controlling the
self renewal of memory B cells [51]. In contrast, Stat5a repressed Bcl6
expression in breast cancer cell lines [123]. Bcl6 recognizes identical
DNA sequences as Stat5 and can repress Stat5 actions as shown for
mammary gland cell differentiation [123–125]. In turn, Stat5a can
repress Bcl6 expression at the level of transcriptional elongation
[125,126].

4. Mechanisms of oncogenic activity of Stat5 proteins and target
gene regulation

Vogelstein and Kinzler proposed in a landmark paper of 2004 that
the majority of cancer mutations affect 12 core pathways [127], Jak–
Stat signaling being one of them (Fig. 3). Stat5-target genes [104,128]
can drive several other core oncogenic pathways in tumors where
Stat5 is activated either through protein–protein interaction or
through transcriptional regulation (Fig. 3). It is not understood,
what combination of tumor suppressor or oncogene mutations must
cooperate to promote and to rely on Stat5 protein function for growth
and survival.

4.1. Anti-apoptotic functions of Stat5 proteins

Several Stat5 regulated genes have been implicated in conferring an
anti-apoptotic or pro-survival phenotype. These include bcl-2, bcl-xL,
pim-1, A1, serine protease inhibitors Spi2.1 and Spi2.2 and Mcl-1
[103,104,110,128–132]. Interestingly, the pro-apoptotic miRNAs,
miR15/16, which repress bcl-2 and bcl-xL are repressed by Stat5 by a
mechanism that required the N-terminal protein–protein interaction
with an unknown corepressor [103]. The bcl-2 or bcl-xL gene loci
contain multiple functional Stat5 binding sites, some in the promoter
others in the exon–intron region [102,103]. Moreover, Stat5 was
shown in mammary epithelial cells to confer survival upon Prl action
via direct regulation of the Akt gene locus promoting enhanced Akt1
isoform expression [71].

Pim-1 to -3 belong to a family of serine/threonine kinases involved
in the control of cell growth, differentiation and apoptosis [133]. It
was proposed that the major expression of Pim-1 is mediated through
activation of the Jak–Stat pathway [134]. Pim-2 was induced in cells
with Flt3 mutations, but there is no direct proof that pim-2 is a direct
Stat5 target gene. Pim kinases might act in a redundant function.
Triple deletion of Pim-1 to -3 caused several remarkable similar
phenotypes to deletion of Stat5 genes in lymphocytes, myeloid or liver
epithelial cells [135].

A role of survival gene induction for oncogenic Stat5 action is
beyond doubt. However, Stat5 proteins have also important roles in
the cytoplasm to activate the PI3K/Akt kinase cascade through Gab2
adaptor protein interaction (Figs. 2 and 3) [46,136–138]. In colon
cancer, cytoplasmic Stat5 controls cell cycle progression, invasion and
migration, while in normal colon epithelial cells Stat5 is confined to
the nucleus [92].

4.2. Cell proliferation and control through IGF-1 signaling

Activated Stat5 proteins induce genes that accelerate cell cycle
progression such as cyclin D2 and c-Myc [40,41,131,139–141] (Figs. 1
and 3). Stat5 plays also an essential role in mediating the growth and
cell proliferation effects of GH [97,142]. Hepatic deletion of Stat5
genes caused a defect in GH-induced target genes essential for
postnatal body growth, sexual maturation or RNA biosynthesis,
similar to hepatic deletion of the GR gene [97,142]. While Stat5a
controls the PRL-induced proliferation, differentiation, and function
of mammary secretory epithelium, Stat5b is the main actor for
hepatocytes and biliary epithelial cells to modulate cellular metabo-
lism and bile regulation to prevent liver fibrosis upon chronic hepatic
damage [83,84,143]. An important growth regulatory gene of hepatic
Stat5b action is IGF-1 [101,144–147]. Bioactive IGF-1 (in complex
with the proteins ALS and IGFBP-3, both well known GH–GHR–Jak2–
Stat5b targets) is the key regulator for postnatal body growth and a
general growth factor for most cell types [97,148]. GH also inhibits the
expression of IGFBP-1 through Stat5b action, which impairs FoxO1
expression [149]. Bioactive IGF-1 is a predisposing factor for many
cancer types such as prostate cancer [150], and it may play a role in
the blast crisis of CML patients [151]. IGF-1 was also implicated in
MPD or AML, since these cells are hypersensitive to IGF-1 stimulation
[151–153]. However, it is questionable whether pYStat5 induces IGF-1
in myeloid cells. On the other hand, IGF-1 plays a protective role
for chronic liver damage [97,143].

4.3. DNA damage response

DNA damage and the DNA damage response (DDR) represent an
early barrier for tumor formation [154–159] and it is one core cancer
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pathway (Fig. 3). Hence, modulation of this response is essential
for carcinogenesis. Although the DNA damage response prevents
cancer formation upon oncogene expression early in the carcinogen-
esis process, once other mutations inactivate tumor suppression
responses, the DNA damage induced by oncogenes can accelerate
tumor progression [157,158]. The mechanism by which Stat5 induces
DNA damage is not well understood, but as reported for oncogenic ras
[160], Stat5 can induce changes in mitochondrial functions leading to
the production of reactive oxygen species (ROS) and DNA damage
[158,161]. The eventual progression of cells with DNA damage along
malignant transformation depends not only on the status of the tumor
suppressors activated by DNA damage but also on their ability to
repair their DNA. Hence, the oncogenic functions of Stat5 may depend
on connections to DNA repair genes.

So far, the only well characterized DNA repair gene downstream
of Stat5 is RAD51. RAD51 is one of six human homologous proteins
of the E. coli RecA protein that play a central role in homologous
recombination and repair of DNA double-strand breaks (DSBs). DSBs
are increased upon high ROS production or upon altered peroxidation,
both processes are involved in DNA damage response of many
different cancer types and associated with histone H2aX phosphor-
ylation and sensing with ATM/ATR checkpoint control. The expres-
sion of RAD51 and several RAD51-paralogs is regulated in a Stat5-
dependent manner in BCR/ABL or ZNF198-FGFR1 transformed cells
[162,163].

Intriguingly, the Stat5 target genes bcl-2 and bcl-xL suppress
Rad51-dependent homologous recombination [164], mismatch repair
[165], and double-strand break repair [166]. The outcome of DNA
repair inhibition for tumorigenesis must be context dependent.
Suppression of DNA repair pathways can increase the frequency of
mutations to promote tumorigenesis. However, during early carcino-
genesis, inhibition of repair may reinforce the senescence pathway
(see discussion later) that protects normal cells from transformation.
Moreover, it is clear that DSBs are induced by chemotherapy treat-
ment, but whether Stat5 activation can change the fate of chemo-
therapy of cancer cells is not clear.

4.4. Invasion, metastasis and epithelial tomesenchymal transition (EMT)

Active Stat5 promotes invasion and metastasis in prostate cancer.
High expression of Stat5 in prostate cancer cells is correlated with low
E-cadherin expression and heterotypic adhesion of tumor to endo-
thelial cells [167]. Intriguingly, the opposite was described in breast
cancer where induction of Stat5a by Prl inhibited the ability of tumor
cells to invade normal tissues and stimulated the expression of the
tumor suppressor E-cadherin [168], which enabled epithelial polarity.
Moreover, the motility and anchorage independent growth of breast
cancer cells was shown to be dependent on protein–protein
interactions with the ER in isoform specific way [117].

Stat proteins regulate also the metalloproteinase family. The more
motile and invasive phenotype of epithelial cancer cells correlates
with epithelial to mesenchymal transition (EMT). Several reports
imply Stat5 protein function in EMT [81,82,169], but a role as direct
EMT inducer or blocker is still controversial [170].

5. Can Stat5 proteins also function as tumor suppressor proteins?

The Jak–Stat pathway exerts important tumor suppressing func-
tions that are mainly attributed to interferon signaling. In particular,
Stat1 is considered a potent tumor suppressor [171], with the excep-
tion of leukemia where Stat1 can partly promote leukemogenesis
[172]. Hints for a tumor suppressor role for Stat5 proteins were first
obtained in breast cancer patients, where activated Stat5 proteins
are predictors of good prognosis [173]. Stat5a induced E-cadherin and
the association of beta-catenin to the cell surface with homotypic
cell clustering through E-Cadherin mediated junctions [168]. Stat5b
has hepatoprotective functions in chronic liver damage [83,143]. This
is in line with a potential tumor suppressor function. However, it
apparently contradicts a report indicating that Stat5b activation
contributes to EMT upon hepatitis infection [82]. A recent study
has shown that loss of Stat5 in mouse embryonic fibroblasts and
hepatocytes leads to enhanced cell cycle progression linked to a lower
expression of the CDK inhibitors p15INK4b and p21CIP [10]. This is again
consistent with a tumor suppressor role of Stat5 in the liver or in
fibroblasts [10].

5.1. Mouse models of Stat5 inactivation

Mouse models of Stat5 inactivation have been described. Single
knockout animals are viable but display distinct phenotypes due to
expression pattern differences between both isoforms [58,174]. Mice
deficient for Stat5a show a defective differentiation of the mammary
gland [58]. In contrast, the absence of Stat5b led to dwarfism in males,
sexual gene conversion, altered growth hormone (GH) regulated liver
enzyme regulation [174] and defects in NK cell activity [175]. The
original double knockout, targeting both Stat5a and Stat5b (now
referred to as Stat5ΔN) led to incomplete deletion of the coding exons
(for overview see [176]). Surprisingly, Stat5ΔN mice were viable, but
they displayed severe defects in the immune system, a block in
postnatal body growth in male and females, or a defective female
reproductive tract [177]. Today, Stat5ΔN mice are considered
hypomorphic because they express significant levels of N-terminally
truncated Stat5a and Stat5b molecules able to enter the nucleus.

A complete double knockout of both Stat5 genes (Stat5Null)
resulted in no Stat5a/b proteins and diminished hematopoiesis. The
animals die on a pure C57Bl/6 or Balb/c genetic background, most
likely due to defects in erythropoiesis and iron metabolism [178,179].
Surprisingly, some Stat5Null mice can survive up to eight weeks on a
mixed Sv129xC57Bl/6 background. These mice display strong Stat3
tyrosine phosphorylation and it has been proposed that Stat3 may
compensate in some tissues for Stat5 loss [40,180]. Irrespective,
Stat5Null survivor mice suffer from lymphopenia, develop autoim-
mune infiltrates or display neutrophil infiltration. They lack CD8+ T,
CD25+Foxp3+ T suppressor, differentiated B or NK cells, to name a
few prominent lineage defects (reviewed in [176]).

Whereas mice lacking Stat1 are tumor prone, reports of increased
tumor frequency in mouse models of loss of Stat5a or Stat5b function
are missing [171]. Stat1 tumor suppressor functions are linked to the
induction of growth inhibitory genes such as IRF-1, p21 and caspase 3.
In regard to Stat5, mammary-directed expression of a carboxyl-
terminally truncated dominant-negative Stat5a form resulted in
mammary tumors [122]. It is questionable if single knockouts of
Stat5a or Stat5b were analyzed in detail for spontaneous late stage
tumor spectra, a theme usually done in ageing models. Certainly,
Stat5 is behaving in most tumor types rather oncogenic than anti-
tumorigenic, but one must not forget that tumor cells have a
reorganization of their gene expression pattern and signaling path-
ways. This occurs due to mutations and epigenetic silencing of genes
that control the cell cycle and cell proliferation. Stat5 can be pro-
tumorigenic in the context of the aberrant genetic alterations
associated to tumorigenesis while it could suppress tumor formation
in normal cells (Fig. 4). How a normal cell overcomes these barriers
upon cytokine action might remain a central theme of Stat5 function
in cancer cells for the future.

Undoubtedly, long term tumor studies with conditional tumor
mouse models are needed to finally elucidate a potential tumor
suppressing role for Stat5. Not the least since Stat5Null mice are not
viable for longer times and suffer from autoimmune disease and
hematopoietic failure. It is also plausible that Stat5 may gain tumor
suppressor activities upon its constitutive activation. Therefore,
those activities cannot be observed in mouse models with disabled
Stat5 protein function as described for senescence induction (see



Fig. 4. Two models help to explain context dependent tumor suppression and oncogenic activities of Stat5 proteins. Stat5 activity supports normal proliferation and development
under healthy conditions, where it acts mainly tumor suppressive upon acute oncogenic threats (left). However, upon the chronic genetic and epigenetic alterations that
characterize tumorigenesis (right), Stat5 activities gain context dependent pro-tumorigenic functions. Key proteins involved in the regulation of proliferation, differentiation, cell
cycle arrest or survival are highlighted since they are either directly regulated or influenced by Stat5 activity.
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Section 5.3). Moreover, in some tissues loss of Stat5 protein function
caused higher Stat1 protein expression. Similarly, loss of Stat5 caused
in certain cell types elevated pYStat3 activation levels [98]. However,
due to the important role of Stat5 proteins in innate and acquired
immunity it is clear that loss of Stat5 protein function in immune cells
will have consequences for tumor formation as discussed above with
HIV infection.

5.2. Cell differentiation

Constitutively active Stat5a induces on the one hand cell
differentiation in mouse transplant models [45,136], but on the
other hand it promotes MPD and leukemia progression. These
opposing effects suggest cooperating hits which might occur in
hematopoietic cancer stem cells which then block largely the
differentiation capacity of cytokine induced Stat5 clonally (Fig. 4).
Similarly, persistently active Stat5a induces differentiation in mouse
leukemia M1 cells through autocrine production of IL-6 [181].
Treatment with Hexamethylenebisacetamide (HMBA) induces cell
differentiation and causes tyrosine phosphorylation of Jak2 and Stat5a
in murine erythroleukemia cell lines. Other chemical inducers like
DMSO and butyrate also induce a sustained activation of Jak2–Stat5
proteins. These results suggest that persistent activation of the Stat5
signaling facilitates differentiation [182]. High Stat5 induction was
also shown to promote erythroid differentiation in a GATA-1-
dependent context [183], whereas low Stat5a induction was consis-
tent with self renewal of hematopoietic progenitor cells in human
CD34+ cells [184].

Stat5 plays also an important role for B and T cell differentiation
[40,112], most likely in response to IL-7R signaling, which promotes
cell survival and expansion. IL-7-induced Stat5 represses Igκ recom-
bination in pro-B cells. It was shown that it cooperates subsequently
with the pre-B cell receptor to facilitate expansion [112]. Moreover,
the good prognostic value of Stat5 activity in established breast cancer
mirrors Stat5 functions in mammary epithelial cell differentiation.

5.3. Cell senescence

Persistent Stat5a activation can trigger a permanent cell cycle
arrest with all the characteristics of cell senescence such as activation
of p53, suppression of E2F target gene expression by the retinoblas-
toma family, activation of the PML-tumor suppressor pathway and a
constitutive activation of the DNA damage response [159,185]. This
program can be viewed as the response of a normal cell to an activated
oncogene but is supported by the direct action of Stat5 on target genes
such as SOCS1 [104] and PML [161]. SOCS1 is shown to mediate p53
activation and senescence in response to Stat5 [186]. In addition,
SOCS1 was sufficient to induce senescence via p53 [186]. PML is also a
regulator of cell senescence downstream of Jak–Stat signaling and like
SOCS1, PML is also capable of activating the p53 pathway [187]. These
results suggest that Stat5 is part of a signaling pathway that induces
PML, SOCS1 and/or p53 in response to cytokines or other oncogenes
that may cause senescence.

Many benign tumors show evidence of accumulation of senescent
cells leading to the concept that cell senescence keeps benign
neoplasms in check [188–195]. In a subset of patients with benign
breast tumors it has been found that they express a mutant
hyperactive PrlR [196]. It is very plausible that those tumors represent
the in vivo counterpart of the persistent Stat5a-senescent mechanism
we described in primary fibroblasts and primary mammary epithelial
cells [159,185]. Differentiation of hematopoietic cells in context of
Stat5 activation might mimic partly the senescence phenotype in
adherent cells.

6. Concluding remarks

Stat5 protein activation can promote transformation, cell differ-
entiation or senescence. This duality of action is not a particularity
of Stat5 signaling since they have been observed for many other
oncogenes [197]. We need to understand how mutations in cancer
cells overtake tumor suppressive functions of Stat5 enhancing their
oncogenic functions. Treatments should focus on restoring this
balance rather than achieving a complete inhibition of a particular
signaling pathway, which is required in normal cells.

Current biological research has profited from reductionism to
understand molecular mechanisms, but cancer is a very heteroge-
neous and complex disease. We need to study the full spectrum of
Stat5 target genes, interacting proteins and post-translational mod-
ifications in in vivo models of Stat5 activation and suppression. So
far, most studies we cited relied on a single cytokine response and
consequences for Stat5 gene induction in certain immortalized cell
lines at one given time point in tissue culture models. It is time to
unravel the molecular basics of more complex actions since cytokines,
growth factors and steroid action signal in parallel when measured in
cancers. We call for a definition of Stat5-dependent tumor suppres-
sion or cancer cell stimulation as subsets of interactions, target genes
or post-translational modifications. The definition of those subsets
may offer better therapeutic targets than a global alteration of Stat5
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functions, whichwill be probably very toxic. Such challengeswill keep
Stat5 researchers occupied.
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