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1. ABSTRACT 
 

Stat5 proteins modulate gene transcription upon 
cytokine- and growth factor action. Stat5a and Stat5b 
proteins alone are weak activators of transcription. They 
can modify chromatin organization through 
oligomerization and they act predominantly in co-operation 
and interaction with other proteins. The conservative view 
of exclusively nuclear functions of Stat5 was challenged by 
the observation of additional Stat5 effects in the cytoplasm, 
resulting in activation of the PI3K-Akt pathway. We 
summarize biological consequences of mutations in 
conserved domains of Stat5 or of deletions in the N- or C-
terminal domains with impact on target gene transcription. 
Formation of higher-order oligomers is dramatically 
changed upon amino- or carboxyterminal deletions in Stat5 
proteins. Mutations in or deletion of the Stat5 N-terminus 
leads to diminished leukemogenic potential of oncogenic 
Stat5, probably due to the inability to form Stat5 tetramers. 
The Stat5 N-terminal domain prevents persistent activation 
and can act as a DNA-docking platform for the 
glucocorticoid receptor (GR). The corresponding protocols 
should facilitate follow-up studies on Stat5 proteins and 
their contribution to normal physiological versus 
pathological processes through differential chromatin 
binding. 

 
 
 
 
 
 
2. STAT5 ISOFORMS: THEIR ACTIVATION AND 
INVOLVEMENT IN DISEASE 
 

Stat5 proteins play crucial roles in controlling 
physiological processes like hematopoiesis or hepatocyte 
function. Yet, unrestricted Stat5 activation leads to 
pathological conditions such as cancer promotion and -
progression, myelo-proliferative diseases, inflammation, or 
auto-immunity. Too little Stat5 activity, however, also can 
cause diseases such as myeloid hypoplasia (anemia, 
thrombocytopenia), dwarfism, infertility, immuno-
deficiency or metabolic syndromes (1-14). Thus, Stat5 
activity needs to be tightly controlled, a demanding task 
given the broad spectrum of Stat5 functions in various parts 
of the organism. How and where Stat5 proteins exert their 
function and which post-translational modifications of 
Stat5 are actually necessary for proper function is still 
largely unknown, not least because other proteins 
interacting with Stat5 were not sufficiently taken into 
consideration until now.  
 
 Stat5a and Stat5b transcription factors are rapidly 
activated after stimulation of cells with different cytokines 
or growth factors in conjunction with the corresponding 
receptors. Subsequently, signals are transduced mainly 
through Jak1, Jak2 and Jak3 tyrosine kinases, which leads 
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Figure 1. Cytokines, hormones or growth factors that activate Stat5. Cytokines can be grouped based on structural homologies, 
similar signal transduction pathways and shared receptor chains. The specific example shown refers to definitive erythropoiesis. 
Self renewal and differentiation of erythroid cells requires functional Epo signaling through its receptor EpoR and Jak2, leading 
to tyrosine-phosphorylated, transcriptionally active Stat5a and Stat5b proteins. Stat5 molecules involved were found to be dimers 
and to be attached to the receptor via the N-terminus prior to tyrosine phosphorylation (38). Efficient nuclear translocation and 
transcriptional activation of Stat5 requires tyrosine phosphorylated Stat5 proteins. Unrestrained Stat5 activation is found in the 
presence of many different transforming tyrosine kinases, which can contribute to diseases such as cancer. In contrast, too little 
Stat5 activation causes diseases like anemia. Recently, we found that Stat5 molecules also have an important function in the 
cytoplasm to activate the PI3K-Akt pathway. Stat5 molecules can form dimers, homo- or hetero-tetramers on DNA (so called 
oligomers), which can induce the formation of DNA loop structures.  
 
to efficient nuclear translocation of Stat5 molecules (Figure 
1). Stat5a and Stat5b proteins can form homo- or 
heterodimers. In addition, multiple shorter isoforms of 
Stat5a and Stat5b exist. Whether the latter arise from 
splicing, proteolytic processing or alternative start codons 
(Figure 1) is controversial (7, 15-20). Finally, Stat5 
proteins are modified by post-translational modifications 
such as glycosylation, ubiquitinylation, serine/threonine 
phosphorylation and alternative tyrosine phosphorylation 
(18-22). Thus, Stat5 proteins can be found in many 
different homo- or heterodimeric complexes regulating 
differential gene expression. Overall, it is economical for 
different cell types to utilize these ancient transcription 
factors (homologues in dictyostelium or drosophila exist) to 
modulate the transcriptome in response to a variety of 
cytokine and growth factor challenges (Figure 1). 
 
 The observation that Stat5 proteins are prime 
targets of transforming tyrosine kinases in cancers was not 
unexpected, yet a recent surprise was that Stat5 proteins are 
essential to render malignant cells largely independent of 
external proliferation stimuli (Figure 1). The activation of 
Stat5 proteins by tyrosine kinases enables cancer cells to 
overcome cell cycle control and to survive within the 
cancer microenvironment. Many questions about the “the 

role of Stat5 in cancer” remain unanswered. It is unknown 
whether Stat5 activation in cancer contributes to immune 
escape, vascularization, metastasis or immortalization. 
Such roles were reported for activated Stat3, but in many 
cell types the functions of Stat3 and Stat5 proteins are 
distinct (23, 24). In general, it is well established that Stat5 
plays an essential role in leukemogenesis. Whether it has a 
broader role in the emergence of solid tumors is not well 
studied. Data on the role of Stat5 in breast cancer are 
controversial (25-27), but lymphomas, liver cancer, 
prostate cancer, lung cancer, ovarian cancer or head and 
neck cancer were shown to require Stat5 proteins (28-33). 
Stat5 proteins are also implicated in infectious diseases, 
immune cell homeostasis or autoimmunity. 
 
 In general, proper function of Stat5 molecules is 
essential for all immune cells and controls e.g. lymphocyte 
development, NK cell activity, cytotoxic T cell function, T 
helper or suppressor/regulatory T cell function, mast cell-, 
platelet/megakaryocyte-, and macrophage responses or 
stress erythropoiesis (2, 5, 6, 14, 34-39). Most 
hematopoietic cytokines and growth factors signal through 
Stat5. In addition, cytokines and growth factors acting on 
epithelial and mesenchymal cell types as well as oncogenic 
tyrosine kinases can activate Stat5 (Figure 1). Thus, it is 
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important to understand how Stat5 proteins are activated 
and how they modulate signal transduction, also under 
conditions when they are found to execute their function in 
the cytoplasm. 
 
 Recent work of several laboratories has 
demonstrated that activation of phosphoinositol-3-kinase 
(PI3K) and of the Akt pathway is induced by protein-
protein interaction of Stat5 with the scaffold protein Gab2 
(40, 41). Interestingly, Gab2- or Stat5-deficient fetal liver 
cells have both hematopoietic deficiencies due to 
diminished cytokine responses, although the phenotype of 
Gab2-deficiency is milder than in Stat5-deficiency (7, 42-
44). This underlines the notion that Stat5 proteins have 
additional functions in the cytoplasm and are not mere 
nuclear transcription factors (40, 41). 
 
 Moreover, new data have shown that Stat5 
regulates Akt activity in T cells, eventually involving also 
late or indirect transcriptional effects resulting in Akt 
activation (45, 46). It is currently unknown whether in 
leukemic cells Stat5 interacts directly with Gab2 (e.g. in 
primary CML cells, where endogenous Stat5 proteins are 
tyrosine phosphorylated and predominantly localized to the 
cytoplasm) to recruit the p85 subunit of PI3K, but tyrosine 
phosphorylation of Stat5 proteins is a prerequisite (41). Still, 
whether cytokine activated Stat5 or oncogenic Stat5 can 
activate Akt directly through a Gab2-p85-Stat5 interaction or 
indirectly through transcriptional effects remains controversial 
(40, 41, 46). It is possible that different mechanisms are 
involved in a cell type specific manner. In any case, Stat5 
activation and tyrosine phosphorylation bridge to Akt 
activation. The two alternatives do not exclude each other. 
Direct protein-protein interaction or indirect transcriptional 
regulation might have the same result or target, both leading to 
enhanced Akt activity. In the case of IL-7-induced Glut1 
induction through Stat5-Akt (46), IL-7 is very potent in 
activating Stat3 besides Stat5. Whether Stat3 also regulates 
Akt expression via a transcriptional mechanism was not 
tested and is questionable. In summary, oncogenic P-Y-
Stat5 (as in CML patients or in mice transplanted with 
hematopoietic cells carrying oncogenic Stat5) is clearly 
cytoplasmically localized and very efficient in activating 
Akt through direct protein-protein interaction with Gab2 
and p85 (40). 
 
 The ratio of nuclear versus cytoplasmic Stat3 
protein is influenced by transforming tyrosine kinases (47), 
but the mechanism of nuclear-cytoplasmic shuttling of 
Stat5 in different cell types remains enigmatic (48). No 
conclusion can currently be drawn from the observation 
that activated Stat5 (P-Y-Stat5) is often found in the 
cytoplasm of transformed myeloid cells from CML or 
AML samples (40). We have extended these studies with 
additional patient samples and found that survival of 
myeloid cancer cells depends on the Stat5-PI3K-Akt axis 
(Gouilleux, Moriggl et al., manuscript submitted). 
 
 One further hallmark of AML is the occurrence 
of an oncogenic variant of the FLT3 (FLTmut) growth factor 
receptor, which leads to nuclear activation of Stat5 (49). 
Recent studies underscored the importance of Stat5 in 

FLTmut-driven leukemogenesis via binding and activation 
of Rac1, an essential component of the NAPDH-oxidase. 
The latter was crucial for generation of endogenous 
reactive oxygen species (ROS), leading to genomic 
instability and increased DNA damage and thus might 
account for the observed poor prognosis of AML patients 
harboring FLT3mut receptors (50). 
 
 Cytokine and growth factor receptor signaling 
systems activate a large variety of downstream signaling 
molecules such as kinases, phosphatases, transcription 
factors or negative feedback regulators (e.g. 
SOCS/PIAS/STAM proteins). Stat5 transcription factors 
are highly and broadly expressed proteins found in these 
cellular signaling pathways. Expression levels of Stat5 
proteins vary from cell type to cell type but can reach an 
abundance of 3,000-100,000 molecules per cell (51). 
Quantification of Stat5 proteins will be important in future 
studies and repression of Stat5 gene expression could be 
relevant in diseases. 
 
 In that context it is also important to mention that 
only a fraction of a Stat protein pool gets tyrosine 
phosphorylated (18, 52). 35S-labeled cell extracts and pulse 
chase experiments with Stat1 and Stat5b revealed 
approximately 10-25% of the total Stat1 or Stat5b pool to 
be tyrosine phosphorylated upon cytokine action (18, 52). 
How many Stat molecules are activated might be cytokine 
and cell type specific, but quantitative studies even from 
cell lines are limited. P-Y-Stat proteins are recycled 
through tyrosine dephosphorylation (52), in contrast to the 
Jak kinase or cytokine receptor chains which are degraded. 
Recently, ubiquitination and proteasome-dependent 
degradation was postulated as an additional mechanism for 
inactivating Stat5a. Interestingly, nuclear Stat5a was mainly 
inactivated via ubiquitination and protein degradation whereas 
cytoplasmic Stat5a was dephosphorylated by abundantly 
available tyrosine phosphatases. This differential inactivation 
mechanism might argue for a distinct function of 
unphosphorylated nuclear Stat5a, as phosphorylation of 
nuclear Stat5a was not required for ubiquitination (53). 
Recently, Stat5a was also shown to be epigenetically silenced 
in NPM-ALK lymphomas (54). Usually, the limiting 
component during cytokine and growth factor receptor 
response (and even in transformed tyrosine kinase signaling) is 
the moderately expressed tyrosine kinase. There are exceptions 
to this rule, however, since BCR-ABL was calculated to be in 
a range of up to 100.000 molecules in K562 cells, a cell line 
derived from a human CML patient. 
 
 It should be emphasized again that Stat5 
transcription factors are not only at the end of signaling 
cascades (40, 45, 46). Stat5 proteins are highly expressed 
signaling molecules with docking functions even when not 
activated. Cytoplasmic functions were also recognized for 
Stat1 and, as already mentioned, for Stat3 (55-57). 
 
3. PHENOTYPES OF MOUSE MODELS WITH FULL 
OR PARTIAL DELETION OF STAT5 
 

In the following we will provide an overview on 
“old” and “new” Stat5 knock out mouse models that have 
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Figure 2. Chromosomal organization of the Stat5 locus and strategies to generate knockout mouse models. Targeting strategies 
for complete or incomplete Stat5a/b deletion. The description of the different Stat5 mouse systems are originating from the 
following studies: (i) Complete gene deletion (s) of Stat5a, Stat5b or both: Gene deletion of Stat5a (8); Gene deletion of Stat5b 
(13); Gene deletion of Stat5a and Stat5b (1); or (ii) incomplete gene deletion (s): N-terminal gene deletion of Stat5a, N-terminal 
gene deletion of Stat5b and N-terminal gene deletions of Stat5a and Stat5b (12); Graphic representation of targeting strategies to 
generate single deletions of Stat5a or Stat5b is omitted, since the focus here is on the consequences of deleting both isoforms. 
Top panel: reproduced with permission from 1. Bottom panel” reproduced with permission from 12.  
 
either no Stat5 proteins expressed (new) or that have a 
deletion in the Stat5-N terminus (old) (Figure 2). It is well 
understood that Stat5 molecules control a multitude of 
functions. The current picture is incomplete due to the 
multitude of Stat5 activities and due to the lack of more 
advanced mouse models (e.g. knock-in models). A further 
level of complexity originates from the broad expression 
(16) and activation pattern (58) of Stat5 proteins and their 
different specific functions in mammals. Here, we will not 
elaborate on studies targeting one single Stat5 isoform for 
deletion (8, 13), and focus instead on reports describing 
biological consequences of deleting both isoforms. 
 
 Old and new mouse models for Stat5a and Stat5b 
deletion display overlapping as well as distinct phenotypes. 
The generation of murine knock-out models for Stat5 
proteins was complicated by the fact that the Stat5a-Stat5b 
locus spans only approximately 110 kb on chromosome 11 
(in humans, the Stat5 genes are localized in identical 
configuration on chromosome 17; Figure 2). The original 
Stat5 knock out mouse, now referred to as Stat5∆N, was 
generated via double targeting ES cells at two different loci 
on chromosome 11. Neomycin- and hygromycin-resistance 
cassettes were inserted into the first coding exon of the 
Stat5a and Stat5b gene, respectively (Figure 2) (12). The 
resulting Stat5∆N mice were viable and were believed to 
represent true knock outs although they expressed N-
terminally truncated Stat5 proteins at high levels. 
Surprisingly, N-terminally truncated Stat5a and Stat5b 
molecules were also found in vivo in wild type animals (7). 

Many studies were based on the Stat5∆N mouse model (2-6, 
9-12, 14). Today, these mice are regarded and described as 
a model to study functions of the N-terminal domain, 
particularly in the liver and in lymphocytes (3, 5, 14, 59). 
Apparently, the Stat5 N-terminus constitutes an important 
protein-protein interaction domain (Figure 3 to 4). Stat5∆N 
mRNA harbors intact Kozak sequences and in-frame start 
codons at amino acid position 103 or 137 of murine Stat5a 
or Stat5b (Figure 3). According to observed migration 
patterns in Western blots or in DNA binding assays, most 
likely the ATG at position 137 is predominantly used (3, 5, 
7, 59). Amino acid M137 is conserved in all mammalian 
Stat5 proteins, in contrast to M103, which is lacking in 
human Stat5a (Figure 4). Stat5∆N mice express both N-
terminally truncated Stat5a and Stat5b molecules (2, 3, 5, 7, 
14, 59). Interestingly and in contrast to endogenous Stat5, 
Stat5∆N proteins have lost the ability to physically interact 
with the glucocorticoid receptor (3, 60). It is currently 
questionable which parts of the phenotypes described in 
Stat5∆N mice are due to loss of Stat5-GR protein-protein 
interaction. Moreover, N-terminal truncation of Stat5a, but 
not of Stat5b renders the molecule persistently active (3, 
61). This underlines a regulatory role of the N-terminus of 
Stat5a to prevent persistent tyrosine phosphorylation. 
 
 The complete knock out of Stat5a and Stat5b 
(Stat5Null), was created in the laboratory of Lothar 
Henninghausen, who already had designed the complete 
knock-out of Stat5a (1, 62). The Cre-loxP technology used 
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Figure 3. Identity and semi conservative amino acid changes. The N-termini of different Stat family member were compared. 
NCBI protein blast was used for similarity searches. Conserved amino acids in Stat5 N-termini are highlighted in bold. 
Mammalian species with closest homology to mouse Stat5a and Stat5b were used for comparison. Rodent, pig, bovine and 
human sequences were chosen, while ovine Stat5a was excluded from analysis. Ovine Stat5b was so far not completely 
sequenced and ovine Stat5a displayed significant differences to other mammalian Stat5 sequences in a stretch of 17 amino acids 
in the N-terminus. The amino acid motif containing the O-Glc-NAc modification at T92 is underlined. Moreover, the two 
alternative start codons M103 and M137 are underlined. 
 
allowed deletion of the entire 110kb locus either in the 
germ line or via conditional deletion (Figure 3) (1, 59). 
Genetic complementation with a retrovirus encoding wild 
type Stat5a into the Stat5Null background restored critical 
functions, indicating that genome integrity was preserved 
despite the large deletion on chromosome 11 (Figure 2). 
Stat5 deletion during embryonic development was lethal, 
particularly on a pure C57Bl/6 or Balb/c genetic 
background. Surprisingly, mixed Sv129 x C57Bl/6 F1 mice 
developed to term, but over 97% died perinatally (1, 5, 59) 
. Recent data suggest that lethality in Stat5-deficient 
animals is due to anemia resulting from defects in iron 
metabolism of fetal erythroid cells and the ensuing elevated 
levels of apoptosis (Kerenyi et al., manuscript submitted). 
Complete deletion of both Stat5 genes can result in 
activation of other Stat family members, a general 
phenomenon in Jak-Stat-SOCS gene deletion studies, 
complicating the interpretation of phenotypes (63).  

 Numerous conditional Stat5 knock out mouse 
models have already been created. To start with, Stat5 was 
deleted specifically in mammary epithelial cells (WAP-
Cre) or ablated in a broader range of epithelial cell types 
(MMTV-Cre) (1), B-cells (CD19-Cre) (64), T lymphocytes 
(efficient recombination from CD4/CD8 double-positive 
cells via Lck-Cre; (5) less efficient in the CD4+ 
compartment with CD4-Cre; (59)). In addition, Stat5 was 
deleted from hepatocytes plus biliary epithelial cells using 
albumin-alpha-fetoprotein-Cre (3), while liver-restricted 
deletion was achieved with Albumin-Cre (65), although 
less efficiently. Moreover, pancreatic beta-cells and 
hypothalamus (Rip-Cre) (66), endocrine and exocrine 
pancreas cells (Pdx1-Cre) (66), as well as skeletal-muscle 
(Myf5-Cre) (67) were targeted. Finally, transplant models 
using Stat5Null cells and the analysis of Stat5Null survivors 
unraveled new phenotypes in B- and T lymphocytes (5, 14, 
59).  
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 From all studies listed above, it is clear that 
various cell types critically depend on Stat5 proteins for 
proliferation, differentiation or survival. Important 
functions in hematopoietic lineages were appreciated 
already for a long time but also mammary gland, ovary, 
prostate, testis, liver, bone or fat tissues depend on Stat5 
proteins for full specification. Referring to hematopoiesis, 
already the repopulation capacity of hematopoietic stem 
cells depends to a large extent on Stat5 (7, 43, 44, 59). In 
more differentiated hematopoietic compartments, Stat5 is 
important for proper development of T-, NK- or B cells: 
The generation of CD8+ T cells, gamma/delta T cells, 
regulatory T cells, but also T helper cells depends on Stat5 
proteins (5, 14, 34, 59). Similarly, NK cell number and 
biological activity depend on Stat5 (35, 36, 39, 68), also B 
lymphocyte development and transformation are closely 
connected to Stat5 (5, 64). Moreover, Stat5 functions 
obviously are involved in definitive and stress 
erythropoiesis (2, 69), monocyte maturation and 
granulopoiesis (70), as well as activities of macrophages, 
eosinophilic granulocytes or mast cells (6, 71, 72). It is 
therefore not surprising that expression of oncogenic Stat5 
variants or overexpression of Stat5 can lead to the 
development of leukemias, lymphomas or myelo-
proliferative diseases (9, 28, 33, 61, 104). 
 
4. STAT5 GAIN-OF-FUNCTION APPROACHES 
 
Persistent Stat5 activation is known to be crucial for the 
persistent proliferation of various cancer cell types. Indeed, 
activation of Stat5 proteins is associated with the most 
frequently encountered transforming tyrosine kinases. The 
list of such persistently active kinase mutants or variants 
includes prominent examples like v-Abl, Jak2 (V617F), Jak3 
(A572V), c-Kit (D816V), Flt-3-ITD, v-ErbB or persistently 
activated EGFR. Another group of kinases aberrantly 
activating Stat5 is generated by chromosomal translocation 
events, exemplified by BCR-ABL, p185 and p210, TEL-
ABL, TEL-PDGF, TEL-JAK2, TEL-Jak3, EML1-ABL or 
ZNF198-FGFR1. Accordingly, the first successful attempt 
to create a persistently active Stat5 gain-of-function mutant 
was the generation of a Stat5-tyrosine kinase fusion 
chimera, in which the Jak2 kinase domain was fused to the 
C-terminus of Stat5a, together with a strong transactivation 
domain in between (73). Transgenic mice expressing this 
construct developed breast cancer (25).  
 
 So far, only a limited number of studies 
addressed the important question whether Stat5 proteins are 
essential for transformation. So far, the requirement for the 
presence of Stat5 to induce transformation could be 
genetically proven only for BCR-ABL (5). Recently, we 
were able to show that a gain-of-function mutant of Stat5 
was able to largely complement Jak2- or erythropoietin 
receptor deficiency during erythro- and myelopoiesis (69). 
The current view that too much Stat5 activity can indeed 
result in transformation of hematopoietic progenitors is best 
illustrated by the ability of one persistently activated Stat5 
molecule to substitute for exogenous cytokine signaling 
and to cause multi-lineage leukemia. This well studied 
oncogenic variant is a point mutant of Stat5a, harboring a 
serine-to-phenylalanine mutation in the C-terminal domain, 

termed cS5F (or S710F; Figure 3). Upon transduction of 
cS5F into wild type hematopoietic stem cells and 
subsequent transplantation into lethally irradiated wild type 
mice, leukemia develops within 4 weeks (40, 61). 
 
 The predecessor of cS5F had been another Stat5 
mutant, designated caStat5a1*6, containing two 
independent mutations, S710F plus H299R in the DNA 
binding domain (74). This variant had originally been 
found in a screen for factor-independent proliferation of 
Ba/F3 cells, with which a PCR mutagenesis on Stat5 had 
been performed. CaStat5a1*6 conferred IL-3 independent 
growth to Ba/F3 cells. Both, the double mutant and the 
single point mutant cS5F used in our studies do not differ 
significantly in their biochemical properties: (i) They are 
constitutively activated through persistent tyrosine-
phosphorylation, even after cytokine starvation. (ii) Both 
display hyper-activation upon cytokine stimulation and (iii) 
enhanced DNA binding (61). Thus, CaStat5a1*6 and cS5F 
could be termed “constitutively active” as well as “hyper-
activatable”. There is, however, one important difference: 
In contrast to cS5F, caStat5a1*6 was unable to genetically 
complement Stat5null- or Stat5∆N cells (61) (and data not 
shown), requiring full length, endogenous Stat5 proteins to 
exert its transforming function. In contrast, cS5F 
transformed Stat5∆N cells (61) as well as Stat5null 
hematopoietic cells, causing multi-lineage leukaemia upon 
transplantation of cS5F-expressing Stat5null or Stat5∆N fetal 
liver-derived hematopoietic cells into irradiated mice 
(unpublished data). Moreover, we observed that cS5F was 
capable of transforming primary mast cells from Stat5-
deficient animals. The mutant was also able to activate 
Stat5-reporter gene constructs in Cos7 cells which do not 
express any endogenous Stat5 (unpublished data). 
Together, these observations argue that cS5F does not 
require endogenous Stat5 protein and is structurally and 
functionally related to endogenous Stat5 since it genetically 
complements Stat5-deficiencies. 
 
 Mutations equivalent to caStat5a1*6 were also 
introduced into Stat5b to generate gain-of-function variants 
for the study of lymphopoiesis in corresponding transgenic 
mice (34, 39). Another screen for persistently active Stat5 
mutants identified a point mutant in the SH2 domain of 
Stat5a (N642H), which is also a residue conserved in Stat5b. 
Since Stat5b is the only isoform expressed at significant 
levels in the liver, Stat5b (N642H) was used for in vivo 
studies with hepatocytes (75). 
 
 In summary, it is recommendable to use the cS5F 
gain-of-function mutant rather than the double mutant 
caStat5a1*6, since cS5F was able to complement Stat5-, 
Jak2- or EpoR-deficiencies (61, 69). Contrarily, 
caStat5a1*6 required endogenous Stat5 for gain-of-
function effects. Whether Stat5a (N642H), Stat5b (N642H) or 
the Stat5-tyrosine kinase fusion chimera can complement 
Stat5 deficiency is currently unknown. One transgenic 
mouse models with cS5F was reported, which resulted in B-
cell lymphomas in absence of p53 (104). 
 
 Tyrosine phosphorylation, DNA binding activity 
and the C-terminal transactivation domain were essential 
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Figure 4. Amino acid composition and biochemical protein parameters. Protein characterization tools were used from Swiss-
Prot/TrEMBL public databases to highlight distinction criteria of the N-termini of different Stat proteins. Specifically, the 
ProtParam program was used as a protein identification and analysis tool for the calculation of isoelectric points, aliphatic 
indices, grand averages of hydropathy and amino acid composition (103). The aliphatic index of a protein is defined as the 
relative volume occupied by aliphatic side chains (alanine, valine, isoleucine, and leucine). The GRAVY value for a peptide or 
protein is calculated as the sum of hydropathy values of all the amino acids, divided by the number of residues in the entire 
sequence. The amino acid composition is distinct among the different Stat N-termini. Amino acids with higher appearance of n=7 
residues within the N-terminal domain are highlighted in bold and underlined.  
 
for the ability of cS5F to substitute for myeloid growth 
factors or cytokines (69) (and Moriggl, unpublished data). 
We worked extensively with the cS5F oncogene to study 
transforming characteristics in immature and mature 
hematopoietic cell types (40, 69). Extracts of cS5F 
expressing cells displayed enhanced Stat5 chromatin 
binding activity. In addition, cytoplasmic cS5F efficiently 
activated the PI3K-Akt pathway. This led to the speculation 
that both, nuclear and cytoplasmic functions of cS5F, might 
be required for full transforming ability. Moreover, cS5F 
relieved cytokine dependence and prolonged the duration 
of Stat5 signaling in response to growth factors or 
cytokines (40, 61, 69). Interestingly, the constitutively 
active caStat5a1*6 mutant promoted senescence in 
fibroblasts, similar to oncogenic Ras (76, 77). It is 
questionable whether the more physiologic cS5F mutant 
can promote senescence similarly. Knock in and inducible 
transgenic mouse models harboring the cS5F mutation are 
currently established to gain further insights into persistent 
cytokine and growth factor signaling through oncogenic 

Stat5 variants. These studies in immuno-competent adult 
transgenic mice will be important to illuminate how 
persistent Stat5 protein activation can lead to development 
and progression of cancers.  
 
5. STAT5 PROTEIN-PROTEIN INTERACTIONS 
WITH FOCUS ON THE STAT5 N-TERMINUS  
 

The changes in chromatin structure upon binding 
of Stat5 proteins are induced by the N-terminal 
tetramerization domain, whereas the C-terminal region is 
responsible for transactivation and also regulates P-Y-Stat5 
turnover (Figure 5) (17, 18). For protein-protein 
interactions, both, the N- and C-terminal domains are of 
particular importance. These interactions influence signal 
transduction and transcription (Figure 5). Putative protein 
binding sites with NCoA/SRC, the TUDOR domain 
coactivators p100 and CBP/p300 cofactors were both 
mapped to the N- and/or C-terminal domains of Stat5 (78, 
79). The N-terminal region contains a secondary 
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Figure 5. Stat5 domains and the cS5F gain-of-function mutant with a model for oligomerization. Diagram based on solved Stat 
structures (upper part) and models of oligomer formation (lower half). Structural data are available for Stat1 (87, 89, 92), Stat3 
(93), Stat4 (88, 94, 95) and Stat5a (86). DNA loop formation by Stat5 tetramers is catalyzed by the N-terminal domains of Stat5 
molecules. Stat5 tetramer formation is involved in regulation of Stat5 target gene expression in normal, cytokine and/or growth 
factor responsive cells, but also in transformation processes (61). The association and formation of Stat5 complexes with 
cofactors, co-repressors or other transcription factors is critical in the decision which genes are specifically activated or repressed. 
Multiple other proteins interacting with Stat5a and/or Stat5b on DNA were described as illustrated to the lower right.  
 
modification at threonine 92 (O-Glc-NAc 
glycosylation), which is believed to be crucial for high 
affinity interaction with CBP/p300 (Figures 3 and 5) 
(80). The C-terminus of Stat5a and Stat5b is 
serine/threonine phosphorylated, most likely increasing 
the acidic blob of the amphiphatic alpha-helical 
transactivation domain core (17, 18). This core can 
interact with octamer transcription factors through a 
short amino acid motif similar to the one found in the 
octamer cofactors OBF-1 (BOB) and SNAP190 (81). 
 
 Additional interaction sites were mapped 
within the coiled-coil domain, the region regulating 
Stat5 nuclear versus cytoplasmic localization (48). 
Yeast-Two-Hybrid screens underlined the importance of 
the coiled-coil domain in interacting with the 
corepressor molecule SMRT (82) and the transactivator 
molecule Nmi (83). The SH2 domain of Stat5 and its 
critical tyrosine residue are essential for tyrosine kinase 
contact, dimer specificity, nuclear translocation and 
attack by tyrosine phosphatases in conjunction with the 
carboxyl terminal domain. 

 In summary, the very N- and C-terminal domains 
of Stat5 proteins have multiple functions with respect to 
interaction with other proteins. Both domains are exposed 
on the surface of Stat5 dimers or tetramers as recognized by 
native DNA binding assays (EMSA) or antibody supershift 
experiments (Figure 6) (61, 84). Only antibodies directed 
against N- or C-terminal epitopes recognize Stat5 in native 
polyacrylamide gels or are able to immunoprecipitate Stat5 
proteins efficiently, irrespective of their activation status (3, 
36, 85). The postulated protein surface expression of the N- 
and C-terminus is in line with protein biology, as the N-
terminus usually folds first and the C-terminus folds at the 
end of protein synthesis.  
 
 Compared to other Stat family members, Stat5a 
and Stat5b N-terminal domains show differences in amino 
acid composition, limited conservation, different isoelectric 
points, highest aliphatic indexes and distinct grand average 
of hydropathy (Figure 3 and 4). Only between Stat5a and 
Stat5b themselves, there is 93% amino acid conservation at 
the N-termini (Figure 4), while those of other Stat protein 
family members show less than 50% conservation (Figure 
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Figure 6. Comparison of Stat5a extracts to test them prior to tetramer stability assays. Dilutions of extracts have to be subjected 
to Stat5 EMSAs prior to the use of extracts in tetramer assays. After titration, four different volumes of protein extract for the 
indicated Stat5 variants (61) were used in tetramer assays (*). Equal activities have to be re-checked and loaded in an EMSA 
using the beta-casein site and Stat5 specific antisera for supershifting against the extreme N- and C-terminus to verify integrity of 
extracts.  
 
3). Nevertheless, important conserved residues can be 
delineated throughout the entire N-terminus, in addition to 
unique amino acid motifs. Homologies among Stat family 
members with Stat5a and Stat5b N-terminal domains can 
be found particularly in the sequence of Stat4, followed by 
Stat1 and Stat3 (Figure 3). Stat1 and Stat4 N-termini were 
shown to assist in efficient oligomer formation, in contrast 
to activated Stat3, which we found to be a weak tetramer 
former when compared to the ability of Stat5 to tetramerize 
(R. Moriggl and A. Ecker, data not shown). Oligomers for 
Stat6 and Stat2 were not reported so far and the N terminal 
domains show only weak homology to the other family 
members.  
 
 Thus, extrapolations from these results onto other 
Stat family members have to be taken with caution. The 
Stat5 N-terminus was so far only modeled and not 
crystallized. So far, only unphosphorylated Stat5 dimers 
lacking the N- or C-terminus were crystallized (86). The 
structure of these unphosphorylated Stat5∆N∆C molecules 
reveals a high degree of similarity to non-phosphorylated 
Stat1∆N∆C dimers (87); In addition, Stat5∆N∆C also can form 
antiparallel dimers. This occurs through an interface 
consisting of the four alpha helix bundles (coiled-coil 
domain) and the beta-barrel (DNA binding domain) of the 
dimerization partners (Figure 5) (86). Structures of isolated 
Stat5a and Stat5b N-termini and their interaction with other 
proteins in complexes (e.g. with the GR or p300/CBP) are 
unresolved as yet. Further elucidation of these protein-

protein interactions might become especially useful as a 
way to alter or inhibit Stat5 functions. 
 
 The N-terminal oligomerization domain of Stat is 
also involved in receptor docking and is important for pre-
formation of dimers in absence of tyrosine phosphorylation 
(88, 89) Kinetics of nuclear shuttling of mutants devoid of 
the Stat5 N-terminus was not studied so far but efficient 
chromatin binding persisted upon deletion of the Stat5b N-
terminus in hepatocytes as measured by CHIP assays in 
vivo  (3). Moreover, mutants of Stat5 deficient in 
tetramerization (mutation of W37A or deletion of the first 
136 amino acids) could translocate to the nucleus when 
cytoplasmic versus nuclear extracts were analyzed (40). 
Interestingly, deletion of the Stat5a N-terminus led to a 
constitutively active Stat5a∆N dimer, whereas deletion of 
the Stat5b N-terminus did not (3, 85). Thus, at least the 
Stat5a N-terminus inhibits auto-activation in the absence of 
cytokines or growth factors. 
 Importantly, we recently discovered that the Stat5 
N-terminus serves as docking platform for binding of the 
GR (3), a known cofactor of Stat5 proteins (90, 91). The 
GR could provide the AF-1 and AF-2 transactivation 
domains, even when C-terminally truncated Stat5 
molecules (lacking their transactivation domain) are bound 
to DNA (91). The result could be a stable DNA-bound 
complex of C-terminally truncated Stat5 and GR proteins 
that can moderately but not fully activate target gene 
transcription. DNA binding or dimerization of GR proteins 
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was not needed for GR-Stat5 protein interaction. This was 
shown through the use of GRdim mice (knock in mice 
expressing a mutated GR). The corresponding mutation 
resides in the second zinc finger domain, resulting in a loss 
of DNA binding capacity of the GR. GRdim mice have an 
intact GR-Stat5 interaction and do not suffer from 
dwarfism, in contrast to Stat5∆Hep, GR∆Hep or Stat5∆N mice 
that display dwarfism due to growth hormone defects (3, 
85). From these results we concluded that the GR interacts 
with Stat5 through the N-terminus in a classic cofactor 
fashion. 
 
 It is evident from previous work and our current 
analyses of GR- and Stat5-transgenic mouse models that 
the molecular details of the Stat5-GR interaction are not 
restricted to a simple linear transcription factor model. A 
rather complex scenario appears to integrate positive versus 
negative transcriptional regulation, short- or long-term 
cytokine and hormone responses, dependent and 
interdependent signaling pathways in the cytoplasm or the 
nucleus (Kornfeld, Tuckermann, Friedbichler and Moriggl, 
unpublished data). Overall, the Stat5-GR axis is more 
important than previously anticipated and similar surprises 
might be revealed from closer studies on other Stat5-
interacting proteins.  
 
6. SIGNIFICANCE OF STAT5 TETRAMER 
FORMATION/OLIGOMERIZATION FOR 
ACTIVATION OF TARGET GENES 

 
Further oligomeric protein-protein interactions can occur 
through the N-terminal domain of Stat5-containing homo- 
or hetero-oligomers, also called Stat5 tetramers (Figures 3 
to 5). A simplified scheme of Stat5 tetramer formation is 
depicted in Figure 5, based on structural data of Stat family 
members. Detailed structural information is available for 
several Stat isoforms including Stat1 (87, 89, 92), Stat3 
(93), Stat4 (88, 94, 95) and Stat5a (86). These 3D structure 
models have contributed to clarification of the molecular 
action and complex formation of DNA-bound Stat proteins 
and the mechanism for oligomerization through their N-
termini. These studies were either based on protein crystal 
structures or 3D modeling, combined with mutational 
analyses to verify the structural predictions. We would like 
to mention that the high resolution structure of the 
crystallized Stat4 N-terminal domain was reinterpreted. 
Two alternate organizations were suggested but irrespective 
of this reinterpretation the N-termini apparently form stable 
protein-protein aggregates, like two interconnecting hooks 
(88, 94, 95). 
 
 Up to now, Stat5 proteins were mainly analyzed 
as transcription factors bound to a single high affinity DNA 
binding element, but this does most probably not reflect the 
situation in vivo (Figure 5). Stat5 proteins need to find their 
target sequences in open chromatin within minutes, where 
upon binding they modify chromatin structure. As already 
outlined above, Stat5 proteins do not only function in the 
nucleus, they also contribute to PI3K-Akt activation in the 
cytoplasm (Figure 1). Already several years after its 
discovery, it was recognized that Stat5 can influence the 
level of target gene expression through oligomers, so called 

Stat5 tetramers. In this case, two weak or high affinity Stat5 
response elements in the promoter allow 
formation/recruitment of Stat5 tetramers onto DNA. These 
can even be two very weak Stat5 response elements 
(unpublished data). Multiple DNA/protein complexes were 
found upon analyses of patient samples using DNA probes 
with two Stat5 response elements, so called tetramer sites 
(61). These complexes contained Stat5 proteins and 
probably other unknown factors displaying high chromatin-
binding affinity of their own. 
 
 One reason for the appearance of such diverse 
Stat5 protein complexes could be that Stat5 proteins from 
leukemic patient samples often show N- and/or C-terminal 
deletions. This can be explained by the observation that, in 
contrast to Stat3, Stat5 proteins are highly susceptible to 
proteolysis (unpublished data). The complexes from 
patients migrated differently and distinctly on native gels, 
as compared to controls. For analysis, patient extracts were 
first adjusted to equal Stat5 dimer DNA-binding activity 
and then employed in tetramer assays. The result was a 
strong enhancement of oligomer formation in leukemic 
extracts when compared to controls. Thus, it is likely that 
also other proteins or post-translational processing of Stat5 
proteins might play a role in Stat5 oligomer complex 
formation (61). In summary, leukemic patient samples 
displayed an increased abundance of Stat5 tetramer 
complexes, which might not only be attributed to the mere 
presence of sufficient amounts of Stat5 protein. 
 
 A rare phenomenon in the world of transcription 
factors is the fact that Stat5 proteins can alter chromatin 
structure through oligomerization to redirect gene 
transcription upon cytokine action. Oligomerization is 
driven through the Stat5 N-terminal domain, where the GR 
and p300/CBP molecules can bind as cofactors. Both, 
p300/CBP and the GR are known to be strong chromatin 
modifiers. A significant part of the changes in chromatin 
structure is likely to be due to Stat5 proteins themselves. 
Unfortunately, currently no data are available on 
measurements or visualizations of Stat5 in complexes with 
these chromatin modifying proteins. 
 
 Until some time ago, the DNA binding activity of 
Stat5 proteins was mainly assessed by in vitro DNA 
binding electromobility shift assays (EMSA), frequently using 
the beta-casein milk protein gene response element (Figure 6) 
(17, 96). More recently, chromatin immunoprecipitation 
(ChIP) experiments using Stat5 proteins were performed in a 
limited set of cell lines or cell types in vivo (3, 58, 85). No 
global ChIP analysis was reported for Stat5 proteins based on 
their DNA binding preference so far, which might facilitate the 
analysis of binding site selection to understand if and where 
Stat5 proteins bind as dimers or oligomers. Such experiments 
could be elegantly performed using the different available 
genetic mouse models, since wild type Stat5, Stat5∆N (no 
tetramers) or conditional Stat5NullCreX mice would be 
available to study dimers and oligomers versus, as control, 
the results in the absence of Stat5.  
 
 Stat5 proteins were also shown to repress genes 
in a promoter- and (co)-repressor-dependent manner. Since 
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not many studies have been conducted on such mechanisms 
of gene repression by Stat5, we will rather mention a 
number of the most relevant Stat5 target genes with known 
and significant functions in the organism. Many Stat5-
induced genes have two to four high-affinity binding sites 
in their promoter. 
 
 Prominent direct transcriptional targets of Stat5 
(97) include (i) proteins important for cell cycle 
progression and cellular growth, together with cytokine- 
and growth factor-receptor signaling components (IL-2R-
alpha, all three D-type cyclins, c-Myc, OSM, ALS, IGF-1, 
Pim kinases, epidermal growth factor receptor, prolactin 
receptor), (ii) tissue invasion (MMP-1, MMP-3, Spi-2.1), 
(iii) survival (A1, Mcl-1, Bcl-2, Bcl-xL, survivin), (iv) 
negative feedback inhibition in tyrosine kinase signaling 
pathways (CIS, Socs-1, Socs-2, Socs-3), (v) lymphocyte 
function (FoxP3, CD25, TCR-gamma/delta rearrangement 
region, perforin, lymphotoxin-alpha, Pax5, EBF, Glut1), 
(vi) cofactor regulation (Cited2), (vii) liver function (sexual 
dimorphic proteins like p450 cytochrome genes), (viii) 
major urinary proteins, (ix) ribosomal proteins, (x) acute 
phase response genes (such as alpha2-macroglobulin, 
HNF-6), but also (xi) genes involved in DNA damage 
repair (Gadd45-gamma, Rad51), (xii) reproduction or (xiii) 
mammary gland function and differentiation (3beta-HSD, 
20alpha-HSD, alpha-, beta- and gamma-casein genes, 
beta-lactoglobulin, whey acidic protein). We would like to 
close this necessarily rudimentary list of Stat5 target genes 
in the hope that it can be complemented by the 
characterization of additional prominent members in the 
near future. 
 
7.  METHODS TO STUDY DNA- AND CHROMATIN-
BINDING PROPERTIES OF STAT5 
 

The first two descriptions of higher order 
complex formation involving Stat proteins were published 
in 1996, describing the capability of Stat1 and Stat4 to form 
tetramers via their N-termini. The same was true for higher 
order oligomers while bound to DNA (92, 98). The first, a 
technically detailed biochemical study performed in the lab 
of James Darnell, revealed, how purified Stat1 would bind 
to DNA (92). Here, for the first time in Jak-Stat research, 
the migration behavior of Stat tetramer complexes was 
shown in EMSAs. The second paper, originating in the 
group of Tim Hoey, recognized differential binding site 
occupancies through oligomerization of heterologous 
expression of Stat1, Stat4 or Stat5 DNA-bound complexes, 
using the interferon-gamma promoter and DNA-
footprinting as experimental read-out (98). 
 
 Subsequent studies performed with Stat5 proteins 
were pioneered by the laboratory of Warren Leonard (99-
101). Here, complex formation of activated Stat5a proteins 
and its consequences for regulation of a 3’enhancer region 
of the IL-2Ralpha chain gene locus were delineated. The 
high affinity IL-2R-alpha chain (or CD25) constitutes an 
essential molecule of activated or regulatory T cells, whose 
functions are indeed controlled through Stat5 (5, 14, 36, 59, 
100). A further approach focused on the CIS promoter and 

the multiple high and low affinity Stat5 elements therein 
(102). 
 
 Important mechanistic insights resulted from 
studies with the Stat4 N-terminus and subsequent 
extrapolation to other Stat family members. For instance, it 
became clear that the conserved W37A mutation resulted in 
unstable Stat proteins and that deletion of the N-terminus 
resulted in absence of tyrosine phosphorylation. As already 
mentioned, there are significant differences in the N-
termini of Stat5a and Stat5b. Tyrosine phosphorylation of 
Stat5a∆N was persistent while that of Stat5b∆N is still 
inducible by cytokine (3, 61). In addition, the mutation 
W37A in Stat5a did not cause a chaotropic molecule, since 
Stat5a-W37A or Stat5a∆N were able to complement the 
phenotype of Stat5Null mast cells (K. Bunting, K. 
Friedbichler and R. Moriggl, unpublished data). Therefore, 
apparently, over-simplification by extrapolation of 
experiments performed with one particular Stat protein 
variant to all Stat family members can be drastically 
misleading. Each Stat protein, splice isoform, secondary 
protein modification, or proteolytically processed Stat 
protein might have individual chromatin binding behavior. 
This hypothesis is open for experimental extension and 
verification since additional studies on Stat5 and chromatin 
functions will be required in the future. 
 
 The differential tetramer formation of Stat 
proteins and their distinct ability to interact with specific 
sets of proteins leads to a great variety of transcriptional 
responses. Tetramer formation capability of distinct Stat 
family members might alter chromatin structures 
differentially. So far, only gene transcription rather then 
gene repression by Stat tetramers was reported, but the 
ability of Stat5 proteins to bind onto low affinity Stat5 sites 
should have consequences for differential cytokine 
responses via fine-tuning chromatin alterations.  
 
 In the following we present in detail a typical 
experiment using Stat5a variants with altered chromatin 
binding characteristic. A description of the corresponding 
mutants can be found in (61), and the extensive “Material 
and Methods” section below enables eventual follow up 
studies for questions regarding the “N-terminus of Stat5 
and chromatin binding”: 
 
 The first experiment before conducting the actual 
Stat5 tetramer assay is to normalize dimer-DNA binding 
activity of different Stat5 extracts on an EMSA gel. A 
typical example is shown for dilutions of extracts from 
cells expressing either wt Stat5a, cS5F, or the tetramer-
deficient mutants Stat5a∆N and cS5F∆N, using the beta-
casein single Stat5 response element (RE; Figure 6, upper 
part). This procedure has to be repeated until equal amounts 
of loaded Stat5 dimer activity can be observed (Figure 6, 
lower part). In addition, specificity of DNA binding activity 
in each extract needs to be assessed to verify integrity of 
protein samples. To this purpose, supershifts are performed 
using antibodies specific for epitopes in the Stat5 N- or C-
terminal region (here obtained from Santa Cruz) (Figure 6, 
lower part). The interpretation of tetramer assays with 
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Figure 7. Tetramerization of Stat5 protein variants. Tetramer formation of the indicated Stat5a variants (61) was analyzed using 
293T cell extracts stimulated with Epo (50 U/ml) using the IL-2R-alpha chain tetramer element (upper part). Four different 
tetramer DNA elements (CIS-AB, 2xRE; CIS-CD, 2xRE; IL-2R-alpha, 2xRE beta-casein, 2xRE) were used for incubation with a 
Stat5a extract from Epo-activated cells to demonstrate dimer and/or tetramer formation (lower part). “#” indicates formation of 
both dimers and tetramers. 
 
different extracts is impossible without this titration and 
adjustment of DNA binding activity on a single RE. 
 
 Tetramer assays with wt Stat5a, cS5F, or different 
tetramer-deficient mutants of Stat5a have been reported 
previously (61). Here, an unpublished experiment on the 
IL-2Ralpha chain tetramer element as a model is depicted 
(Figure 7, upper part). After mixing cell extracts and 
radioactive DNA oligonucleotide followed by brief 
centrifugation, equilibrium of the DNA-binding reaction is 
reached within two minutes at RT. The absence of 
unlabeled competitor DNA (0) represents the binding 
reaction under saturation conditions. The complexes of 
Stat5 proteins with labeled double stranded 
oligonucleotides are then competed with unlabelled double 
stranded oligonucleotides (2xRE) at 100fold molar excess 
and DNA off-on rates and oligomer complex stability are 
measured in EMSAs. Again, all reaction tubes containing 
extracts plus DNA are mixed vigorously to ensure 
homogenous distributions of protein, DNA and binding 
reaction components. Usually, a master mix for six 
reactions in one tube was prepared, and at specific time 
points equal amounts of extracts (here: 20 microliter) were 
loaded onto a continuously running native polyacrylamide 

gel. No pre-run of EMSA gels was required, but for better 
quality flushing of gel pockets with running buffer is 
recommended since chemicals remaining after acrylamide 
polymerization disturb the integrity of native complexes. 
 
 Quality of the extract is the crucial factor for 
complex formation and reduction of background. Samples 
with high Stat activity facilitate the analysis of oligomers 
and therefore, we frequently used transient transfection of 
Stat5 variants into 293T cells to enhance signal strength. 
We want to stress that also cytokine-stimulated cell lines or 
mouse tissues obtained after in vivo cytokine injection 
(growth hormone injected liver; IL-3 injected bone marrow 
cells; Epo stimulated erythroblasts, etc.) or samples from 
cancer patients work well provided sufficiently strong Stat5 
activity can be detected on preliminary beta-casein 
bandshift assays. 
 
 In general, extracts from lymphoid cell types 
favor the formation of Stat5a/b higher order chromatin 
complexes of high affinity over dimer complexes. Until 
now, we did not observe tetramer complexes in myeloid 
cell types such as erythroid progenitors or Ba/F3 cells (R. 
Moriggl, unpublished). There is no straightforward 
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explanation why samples from different hematopoietic cell 
types with Stat5 activity normalized on dimer sites are 
behaving so different in terms of biochemistry when 
employed in oligomerization assays. This is indeed 
surprising since extracts of fibroblasts or epithelial cell 
lines ectopically expressing Stat5a can form tetramers and 
also Stat5b proteins activated by growth hormone injection 
into mice in vivo do form efficient Stat5 oligomers.  
 
 We previously reported on the characterization of 
four different Stat5 tetramer elements (61) (Figure 7, lower 
part). Stat5a protein extracts isolated from Epo-stimulated 
293T cells were incubated with these four tetramer sites, 
each of which contains two Stat5 REs either with high or 
weak affinity. Apparently, there must be alternatives in 
molecular composition, since three distinct DNA-binding 
complexes were observed with the same amount of extract 
and Stat5a activity (Figure 6). Two DNA elements 
displayed binding of Stat5 dimer- plus tetramer complexes 
(STD and CIS-AB), the two other elements displayed Stat5 
tetramer complexes only (CD25 and CIS-CD) with extracts 
from Epo-stimulated 293T cells. Currently it is not 
understood how these differences in Stat5 oligomers bound 
to different Stat5 tetramer sites arise, but DNA structure 
conformation might be responsible (Figure 7). 
 
8. SUMMARY AND PERSPECTIVE 
 
The way how Stat5 proteins exert their distinct and specific 
functions in different cell types under various physiological 
and pathological conditions is still unclear to a large extent. 
It is possible that additional proteins functionally 
interacting with Stat5 still await detection or were at least 
not taken into sufficient consideration so far. The next 
years of research on Stat5 will have to address the question 
of composition of different protein complexes in which 
Stat5 proteins reside and through which they execute their 
specific functions. It is also open whether still other 
proteins interact with DNA-bound Stat5 oligomers. 
Unfortunately, no further reports on the chromatin binding 
properties of Stat5 were published.  
 
 So far the Stat5 N-terminus is known to influence 
three distinct signaling properties of Stat5:  
 
1) The N-terminus of Stat5a blocks auto-activation by 
intrinsic tyrosine kinases within the cell. N-terminal 
deletion mutants of Stat5a are persistently tyrosine 
phosphorylated, possess constitutive DNA binding activity 
and exhibit robust transactivation potential. 
 
2) The N-terminus of Stat5 is important for interaction with 
transcriptional cofactors like CBP and p300 and 
transcription factor interaction with nuclear hormone 
receptors like the GR. 
 
3) The Stat5 N-terminus is required for tetramer formation 
(or oligomerization) through protein-protein interactions, 
which subsequently lead to higher order complex formation 
on chromatin. The N-termini of Stat5 stabilize two dimer 
interactions bound to Stat5 responsive elements in the 
vicinity of transcriptional regulatory regions.  

 Several important questions regarding the 
chromatin altering capability of Stat5 proteins are largely 
unanswered:  
 
1) How efficiently and on which DNA loci can Stat5 
proteins modify chromatin structure and thus 
transcriptional competence? 
 
2) Can these structural changes be visualized?  
 
3) Do other proteins interact with Stat5 in higher order 
DNA complexes and are these potential additional proteins 
cell type specific?  
 
4) Are post-translational modifications of Stat5 proteins 
involved in altered chromatin binding or transcriptional 
capacity?  
 
 We currently do not understand the secondary 
protein modifications of Stat5 and how they influence DNA 
binding and complex formations on different natural DNA 
elements. Future work around the truly multi-facetted 
transcription factors and signaling mediators Stat5a and 
Stat5b will address their functions in a broader context.  
 
9. MATERIALS AND METHODS 
 
9.1. Transient transfection and preparation of whole 
cell extracts  

Extracts of cells expressing different Stat5 
variants were generated by transient transfection of 293T 
cells using the calcium phosphate precipitation method (4 
microgram of Stat5 cDNA in a pMSCV expression plasmid 
plus 2 microgram EpoR cDNA in pMSCV per 10 cm dish 
of 293T cells, 20-50% confluency). 48 hours post 
transfection, cells were harvested after a 30-min stimulation 
with 50 units/ml rhEpo. Culture dishes were rinsed twice 
with ice-cold PBS and cells scraped off and pelleted by 
centrifugation (1 min, 6,000 g). Cells were lysed by the 
addition of two pellet volumes of whole cell extract buffer 
(20 mM Hepes, pH 7.9; 20% glycerol; 50 mM KCl; 1 mM 
EDTA; 1 mM DTT (Sigma); 400 mM NaCl; 5 
microgram/ml leupeptin (Roche); 0.2 units/ml aprotinin 
(Bayer); 1 mM PMSF (Roche); 5 mM Na3VO4; 10 mM 
NaF; 5 mM beta-glycerophosphate) and vigorous 
vortexing. Samples were frozen in liquid nitrogen, followed 
by thawing on ice. Freeze-thaw cycles were repeated 4 
times. Subsequently, extracts were centrifuged at 15.000 g 
at 4°C for 20 minutes, and the supernatants used for 
EMSAs or Western blot assays or stored at –80°C until use. 
 
9.2. Electrophoretic mobility shift assays (EMSAs) 

DNA-Oligonucleotides were annealed at 
equimolar concentrations (>40 microM for each oligo) in 
200 microliter using annealing buffer (10x = 0.625x PCR 
Buffer II (Roche); 9.4 mM MgCl2) by heating up to 95°C 
for 10 min, followed by slowly cooling down of samples to 
RT and an additional incubation on ice for another 10 min. 
Annealed oligos were then diluted to 2.5 microM for 
radioactive labeling. The labeling reaction (5 picomol of 
annealed ds-DNA in 20 microliter, containing 10 units of 
poly-nucleotide-kinase (Roche) and 5 microliter of gamma-
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ATP 32P (Amersham; 8,000 cpm/microliter) was incubated 
at 37°C for 1 hour. Labeled oligo-nucleotides were purified 
on size exclusion columns (Micro Bio-Spin 6 
chromatography columns; BioRad) and stored at -20°C 
until use.  
 
 For in vitro Stat5-DNA-binding assays, a 20 
microliter reaction was prepared for each sample, 
containing 2 microliter BSA (10 mg/ml in 20 mM KPO4, 
50 mM NaCl, 0.1 mM EDTA, 5% glycerol), 2 microliter 
poly-dI-dC (1 mg/ml; Roche), 4 microliter 5x binding 
buffer (50 mM Tris; 5 mM DTT; 1 mM PMSF; 0.5 mM 
EDTA; 25% Glycerol; 250 mM NaCl; 0.5% NPO4) and 
0.5-1 microliter labeled oligo-nucleotide probe (8,000 
cpm/fM). Usually, 20-30 microgram of protein extract was 
used per reaction. 
 
 In the analysis of patient samples, low Stat5 
activities are frequently encountered. In this case, up to 60 
microgram of protein extracts can be loaded. In general, a 
maximum of 4 microliter of whole cell extract per 20 
microliter of total EMSA sample volume should not be 
exceeded to ensure maintenance of proper salt 
concentrations. Extracts were incubated for approximately 
5 min (equilibrium is reached within 2 min) at RT before 
gel loading. For supershift analyses, protein samples were 
pre-incubated for >2 min on ice with antibodies / antisera. 
 Complexes were separated on non-denaturating 
4% acrylamide gels (BioRad; acrylamide / bis-acrylamide 
= 29 / 1) in 0.25x TBE and run in 0.25x TBE running 
buffer at 200 V for about 3 hours.  
 

In the bandshift experiments the following 
high affinity Stat binding sites were used (Each of the 
Stat5 response elements (RE) listed contains an 
inverted repeat highlighted in bold). 1x response 
element for dimer assays: beta-casein (1xRE)                                                                       
5´-3´ AGATTTCTAGGAATTCAATCC (binds Stat5/6 with 
high affinity, and Stat1/3/4 with very low affinity); 2x response 
elements for tetramer assays: CIS-AB (2xRE)                             
5´-3´ GAGTTTTCCTGGAAAAGTTCTTGGAAATCTG;                 
CIS-CD (2xRE):5´-3´ 
CGCGGTTCTAGGAAGATGAGGCTTCCGGGAAGGG
CT; IL-2R-alpha (2xRE): 5´-3´ 
GTTTCTTCTGAGAAGTACCAGACATTTCTGATAAG
AGAG; beta-casein (2xRE): 5´-3´ 
AGATTTCTAGGAATTCAATCTTCTAGGAATTCAAT
C 
 
9.3. Tetramer assays 

For Stat5 oligomer assays, a classical approach 
(adapted from (92)) was used, relying on the stability of 
pre-formed DNA-Stat5 protein complexes on gamma-ATP 
32P-labeled Stat5 tetramer elements (see 2xRE above). 
  

For Stat5 tetramer assays, the volume was scaled 
up to 120 microliter. The binding reaction was finished 2 
min after gentle mixing, and the time point 0 was loaded 
(i.e. 20 microliter of the labeled tetramer assay mixture 
loaded onto the gel before applying voltage). Subsequently, 
10 microliter of unlabeled competitor oligo-nucleotide were 
added, the reaction mixed, centrifuged and 20 microliter 

loaded after 1, 5, 10 and 20 minute (s) onto the gel 
continuously running at a constant 200 V. The cold 
competitor DNA was used in 100x molar excess over the 
radioactive labeled oligo. The use of large gels (15 cm x 20 
cm, 2 mm thickness) facilitates handling significantly. 
Electrophoresis was continued until the orange-G dye front, 
usually loaded in an empty lane together with free probe, 
reached the lowest 5 cm of the gel. Orange-G migrates 
comparable to an oligo of tRNA size, which is close to the 
length of double stranded annealed Stat REs. After 
electrophoresis, the gel was transferred to chromatography 
paper (Whatman), dried on a vacuum gel drier at 80°C for 
two hours and subjected to autoradiography. Coated films 
(Kodak BioMax MR) were exposed over night or longer at 
-80°C. 
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