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Stat5 transcription factors are essential
gene regulators promoting proliferation,
survival, and differentiation of all hemato-
poietic cell types. Mutations or fusions of
oncogenic tyrosine kinases often result
in constitutive Stat5 activation. We have
modeled persistent Stat5 activity by us-
ing an oncogenic Stat5a variant (cS5). To
analyze the hitherto unrecognized role of
Stat5 serine phosphorylation in this con-
text, we have generated cS5 constructs
with mutated C-terminal serines 725 and

779, either alone or in combination. Ge-
netic complementation assays in primary
Stat5"ul/null mast cells and Stat52N T cells
demonstrated reconstitution of prolifera-
tion with these mutants. Similarly, an in
vivo reconstitution experiment of trans-
duced Stat5nulinull fetal liver cells trans-
planted into irradiated wild-type recipi-
ents revealed that these mutants exhibit
biologic activity in lineage differentiation.
By contrast, the leukemogenic potential
of ¢S5 in bone marrow transplants de-

creased dramatically in ¢S5 single-serine
mutants or was completely absent upon
loss of both serine phosphorylation sites.
Our data suggest that Stat5a serine phos-
phorylation is a prerequisite for cS5-
mediated leukemogenesis. Hence, interfer-
ence with Statba serine phosphorylation
might provide a new therapeutic option
for leukemia and myeloid dysplasias with-
out affecting major functions of Stat5 in
normal hematopoiesis. (Blood. 2010;116(9):
1548-1558)

Introduction

Hematopoietic development is regulated by cytokine- or growth
factor—activated signaling pathways, among which the Janus
kinase (Jak)/signal transducer and activator of transcription (Stat)
pathway plays a major role.!3 Four Jak kinases and 7 Stat proteins
regulate a wide spectrum of cellular functions such as proliferation,
survival, and differentiation.* Stats are latent transcription factors
that constantly shuttle between the nucleus and the cytoplasm.
Their activity is tightly regulated by protein tyrosine kinases.
Phosphorylation of a positionally conserved tyrosine residue
triggers dimerization, efficient nuclear translocation, and subse-
quent binding of Stats to specific promoter sequences.’ Target
genes regulated by Stat5 proteins and their cofactors are essential
for hematopoietic stem cell maintenance, lineage commitment,
self-renewal, and survival of committed hematopoietic progenitors
as well as for mature cells of both myeloerythroid and lymphoid
lineage.%8 Although there is considerable functional overlap, Stat5a
and Stat5b proteins also have distinct functions due to isoform-
specific differences in mRNA levels,>® nucleocytoplasmic shut-
tling,”!? and activation by tyrosine and/or serine phosphorylation.!!

Hyperactivated Stat5a and Stat5b proteins have been implicated
in several hematopoietic malignancies and many solid tumors.!-3
Yet to date, there are no reports of activating mutations in Stat5
proteins. Persistent tyrosine phosphorylation of Stat5 was found to

be caused by deregulated cytokine signaling!? or perturbation of
upstream molecules, which mostly results from receptor mutations
or chromosomal rearrangement. Well-known examples of this are
the point mutation Jak2-V617F!*14 and chromosomal transloca-
tions such as Ber-Abl. 516 Furthermore, it has been shown that the
presence of Stat5 proteins is required for Ber-Abl—induced transfor-
mation and development of leukemia.!” This is why Stat5 proteins
and their activation status are thought to have a key role in
leukemogenesis. Moreover, the transforming capacity of oncogenic
Stat5 is not limited to its role as a transcription factor in the nucleus.
Recent studies have demonstrated that oncogenic StatSa also has a
cytoplasmic role that links Jak/Stat signaling to the activation of the
PI3K-Akt-mTOR signaling pathway via Gab2'$20 and that Stat5
acts as a repressor of Bcl-2 member-regulating microRNAs
(miRNAs) 15/16.%!

In addition to tyrosine phosphorylation, the activity of several
Stat proteins was shown to be modulated by serine phosphorylation
(reviewed in Decker and Kovarik??). In the highly homologous
StatSa and StatSb proteins, distinct serine residues in the carboxy-
terminal transactivation domain, the least conserved region of Stat
proteins,>* were found to be phosphorylated. These serine moi-
eties, however, are located in perfectly conserved Pro-Ser-Pro
(PSP) motifs at positions 725 (Stat5a) and 730 (Stat5b).!! In
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addition, Stat5a harbors a unique serine residue within a Leu-Ser-
Pro (LSP) motif (Ser779),% which is also found in mouse, rat, pig,
and human Stat5a sequences. As shown by Beuvink et al, Ser779 is
the major site of serine phosphorylation in Stat5a.>> However, the
biologic significance of Stat5 serine phosphorylation and particu-
larly its proto-oncogenic functions have not yet been clarified.
Although serine phosphorylation has been demonstrated to substan-
tially modulate the transcriptional activity of Statl and Stat3
proteins,?? it was long thought to have a minor role in Stat5
function.!’:?3-?7 Using a mouse transplantation model,?®? the
present study is the first to provide evidence that serine phosphory-
lation plays a crucial role in Stat5-driven leukemogenesis.

Methods

Human patient samples

Primary leukemic cells were isolated from bone marrow (BM) aspirates or
peripheral blood (PB) using Ficoll and washed in ice-cold phosphate-
buffered saline (PBS) supplemented with complete protease inhibitors
(Roche) and phosphatase blockers (ImM NaF, ImM Na;VO,, 10mM
3-glycerophosphate). Informed consent was obtained in each case before
PB donation or BM puncture. Characteristics of the patients are shown in
supplemental Table 1 (available on the Blood Web site; see the Supple-
mental Materials link at the top of the online article). For control purposes,
2 patients with normal BM (complete remission from acute myeloid leu-
kemia [AML] after chemotherapy) were examined. The study was ap-
proved by the Institutional Review Board of the Medical University of
Vienna and was conducted in accordance with the Declaration of Helsinki.

Animals, primary cell isolation, retroviral infection, proliferation
assays, and transplantation

BM transplantation. BM was harvested from femurs and tibias of
6-week-old male mice (C57/B6xSv129j F1) and cultured for 24 hours in
Dulbecco modified Eagle medium (DMEM), 15% fetal calf serum (FCS)
containing interleukin-3 (IL-3, 25 ng/mL; R&D Systems), IL-6 (50 ng/mL;
R&D Systems), and stem cell factor (SCF, 200 ng/mL; stem cell medium
[SCM]). In the presence of 6 wg/mL polybrene, cells were subsequently
cocultured with confluent ecotropic producer cell lines for 72 hours in
SCM. After 48 hours of coculture, BM cells were analyzed for green
fluorescent protein (GFP) expression by flow cytometry. Lethally irradiated
(10 Gy) wild-type (WT) female recipients (C57/B6xSv129j F1) were
reconstituted with an equal amount of transduced (GFP*) LSK
(Lineage ~Scal *c-Kit") cells by tail vein injection (6 X 103). Transplanted
mice were monitored for disease onset by blood analysis at regular
intervals, starting 4 weeks after transplantation. All transplanted mice were
housed in a specific pathogen-free environment and monitored daily. The
study was performed under the animal license form BMWF-66.009/0139-C/
GT/2007 according to standard ethical guidelines.

Fetal liver cell transplantation. Stat5ab™!/! fetal liver cells (CD45.2)
were transduced with either the vector control or WT Stat5a or the
S5-SASA variant. All 3 groups of cells were transplanted into lethally
irradiated CD45.1 recipient mice. Two months after transplantation, the
mice were bled and analyzed for donor engraftment, GFP expression, and
lineage repopulation (CD8, B220, Gr-1, and Ter-119). Donor cells were
identified, and the absolute number of donor-derived cells of the various
lineages quantified by CD45.2 staining.’® GFP'® mice served as positive
controls.

T-cell complementation assay. T cells were isolated from the spleens
of 8-week-old WT and Stat5a/b-deficient (Stat52NAN) mice without spleno-
megaly.?'32 Naive splenic T cells were stimulated with a monoclonal
«-CD3 antibody (145.2C11, 1:1000; Pharmingen) and IL-2 (500 U/mL;
R&D Systems). Freshly isolated primary WT as well as Stat5-deficient
splenocytes were cocultured with confluent ecotropic producer cell lines for
72 hours, in the presence of 500 U/mL IL-2 and 6 pg/mL polybrene. Then
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the cells were expanded in the presence of 500 U/mL IL-2 for 14 days to
enrich for transduced cells. Having reached an infection rate of 40% to
80%, proliferating T cells were deprived of IL-2 for 18 hours and
subsequently incubated as triplicates in round-bottom 96-well plates for
36 hours at a density of 1 X 103 cells per well in medium supplemented
with different concentrations of IL-2. In the last 18 hours, 3H—thymidine
(0.2 pCi/well) as well as a repeat dose of IL-2 were added. The proliferation
rate was determined by measuring thymidine incorporation with a 3-counter.

Mouse peripheral blood hematology and
fluorescence-activated cell sorting

PB was obtained by puncturing the retro-orbital venous sinus with a
microcapillary tube. To obtain white blood cell (WBC) counts, PB was
analyzed using the Vet animal blood counter (Scil animal care). For
multilineage analysis, PB cells were stained with fluorescence-conjugated
antibodies (all from BD Biosciences) against Ter-119 (phycoerythrin [PE]),
GR-1 (allophycocyanin [APC]), Mac-1 (PE-Cy7), CD19 (APC-Cy7), CD3
(PerCp), Sca-1 (PE-Cy7), c-Kit (Cychrome), FIt3 (PE), and Thyl (APC).
An annexin V (PE; BD Biosciences) antibody was used to assess apoptosis
in transduced Ba/F3 cells. The samples were analyzed by flow cytometry
(FACSCanto; Becton Dickinson).

Cell culture, plasmids, transfection of Ba/F3 cells, and reagents

All Stat5a mutants were generated by polymerase chain reaction (PCR)
mutagenesis and verified by sequencing. A constitutively active mutant of
Stat5a (cS5, also known as S711F3? which in murine Stat5a is in fact a
mutation of serine 710 to phenylalanine) was used as described previ-
ously.?$?? Stat5a serine mutants were generated by substituting alanines for
serines at amino acid positions 725 and/or 779.%% All constructs were cloned
into the murine bicistronic retroviral vector pMSCV-IRES-eGFP. NIH-3T3—
based, ecotropic, replication-incompetent, retroviral gp+E86 producer cell
lines were generated and selected for high viral titers (~ 5 X 10° particles/
mL as tested in NIH-3T3 cells) by FACS sorting. Producer cells were
maintained in DMEM, whereas Ba/F3, K562, Ku-812, Mv4.11, and
MOLM13 cells were grown in RPMI 1640. Both media were supplemented
with 10% FCS, L-glutamine (2mM), and penicillin/streptomycin (10 U/mL,
10 pg/mL). Parental Ba/F3 cells were grown in the presence of IL-3
(2 ng/mL).

Immunohistochemistry and immunocytochemistry

Immunohistochemistry was performed on sections prepared from paraffin-
embedded formalin-fixed spleen, liver, and BM specimens using hematoxy-
lin and eosin (H&E) staining. Blood smears and cytospins were stained with
the Hemacolor rapid staining kit (Merck). Cytospins were prepared at a
maximal density of 2 X 10° cells/mL. Stained sections and cytospins were
analyzed by light microscopy. Images were captured with a PixeLINK
camera and the corresponding acquisition software on a Zeiss Imager Z.1
(magnification X 100, X200, or X400) at a color temperature of 1300 K.

Immunoblotting and DNA binding assays

Sample preparation and Western blotting were performed using standard
techniques. Hybond nitrocellulose membranes were incubated with anti-
bodies raised against the following proteins: phosphotyrosine-StatSab
(no. 05-495, Upstate; no. 71-6900, Zymed; no. 9351, Cell Signaling),
phosphoserine-726/731-Stat5ab (no. 36153, Abcam), StatSab (no. 610192,
BD Transduction Laboratories; N20, no. 836, C17, no. 835, Santa Cruz
Biotechnology), HSC70 (no. 7298, loading control; Santa Cruz Biotechnol-
ogy), tubulin (no. T-9026, loading control; Sigma-Aldrich), and actin (no.
A5316, loading control; Sigma-Aldrich). Polyclonal rabbit sera against
phosphoserines 725 and 779 of Stat5a (Stat5a-S725, H2N-DQAPS
[PO3H2]PAVC-CONH2; Stat5a-S779, H2N-LDARLS[PO3H2]PPAGLFC
-CONH2; Eurogentech) were generated and tested by the group of V.S.
Eurogentech antibodies were used unless indicated otherwise. Electro-
phoretic mobility shift assay (EMSA) was performed for Stat5a dimers or
tetramers using the [3-casein response element alone or in tandem as
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described previously.>?® For Stat5 supershifts, the C17 antibody (no. 835;
Santa Cruz Biotechnology) was used.

Statistics

All values are represented as means plus or minus SD if not indicated
otherwise. WBC and Ba/F3 proliferation quantifications were evaluated for
significance using the 2-tailed 7 test. A P value below .05 was considered
significant for all analyses. Kaplan-Meier plots were analyzed for signifi-
cance using the log-rank test. All calculations were performed using the
GraphPad Prism 4 software.

Results

Stat5a Ser725 and 779 are phosphorylated in human leukemic
cell lines and primary patient samples

The association of persistent Stat5 tyrosine phosphorylation with
various hematologic malignancies is well established. However,
there is still little information on the significance of serine
phosphorylation for the proto-oncogenic functions of Stat5. We,
therefore, investigated whether Stat5 is at all serine phosphorylated
in leukemic cell lines expressing highly activated Stat5 as well as in
primary patient samples. Specific antisera were generated that are
directed against the mapped serine phosphorylation sites 725 and
779 of Stat5a, flanking the C-terminal transactivation domain.3+33
Two individually derived human chronic myeloid leukemia (CML)
cell lines (K562 and Ku812) expressing Ber-Abl p210 fusion
kinase and 2 human AML cell lines (Mv4.11 and MOLM13)
expressing Flt3-ITD and mixed-lineage leukemia (MLL)—fusion
proteins were analyzed. As shown in Figure 1A, both bcr/abl*
CML lines displayed very high levels of Stat5 tyrosine phosphory-
lation (pY-Stat5), whereas the 2 AML cell lines exhibited lower
levels. MOLM13 showed a very weak tyrosine phosphorylation
signal, which may be attributed to reduced expression of total Stat5
protein. Similarly, StatSa Ser779 phosphorylation, which was
pronounced in the CML samples, was hardly detectable in the AML
cell lines. Contrary, equal levels of Ser725 phosphorylation were
found in all samples tested.

Furthermore, different B cell (REH) and T-lineage acute
lymphoblastic leukemia (T-ALL; CCRF-CEM, Molt-4, Jurkat,
HPB-ALL), cutaneous T-cell lymphoma (CTCL; Mac-2A) as well
as Burkitt lymphoma (Daudi, Ramos) and non-Burkitt lymphoma
(RL-7) cell lines were analyzed for serine phosphorylation. All
B-cell as well as the Mac-2A and the CCRF-CEM lines were found
to express significant levels of Ser779 phosphorylation (Figure
1B). Ser725 phosphorylation was present to a lesser extent in all T-
and B-cell lines except for Jurkat cells. A murine T-cell lymphoma
line (EL-4), which was also included in the analysis, was positive
for Ser725 and Ser779 phosphorylation. Interestingly, some cell
lines displayed serine phosphorylation in the absence of significant
pY-Stat5. While both Ser725/779 and tyrosine were phosphory-
lated in Mac-2A, Daudi, and to a lesser extent in Ramos and REH
cells, there was marked serine phosphorylation in the transformed
cell lines CCRF-CEM and RL-7 without pY-Stat5. It should be
noted that the CML line K562 was used as a positive control, and
the samples were transferred to the membranes by semidry instead
of wet blotting in this assay only. However, it was confirmed by a
separate experiment that the K562 signals in the Western blots
displayed in Figure 1A and B were consistent (data not shown).

Moreover, primary samples from AML, ALL, and CML patients
were subjected to Western blot analysis and were found to be
strongly phosphorylated not only at the critical tyrosine 694 residue
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but also at serines 725 and 779, which is unique to StatSa. A
comparison of leukemia patient samples and healthy individuals
revealed that Stat5a Ser779 phosphorylation was not detected in
healthy individuals, whereas serine 725 was found to be phosphor-
ylated in all primary samples (Figure 1C).

Fusion proteins regulating Stat5 activity induce Ser725/779
phosphorylation in Ba/F3 cells

To substantiate our findings, the well-established hematopoietic
Ba/F3 cell line was used. We generated several Ba/F3 derivatives
expressing various oncogenic mutations known to activate Stat5,
including Ber-Abl p210, Tel-Jak1/2/3, Tel-Abl, and oncogenic
Stat5a (cS5) itself. Expression of these oncogenes rendered the
cells capable of growing in the absence of IL-3. Starved and
stimulated parental Ba/F3 cells as well as StatSa (S5) overexpress-
ing gpE+86 fibroblasts served as controls. As expected, parental
Ba/F3 cells, which had been starved for 20 hours, did not display
pY-Stat5 phosphorylation. Under these conditions, StatS phosphor-
ylation at the serine sites investigated was insignificant. By
contrast, IL-3 stimulation resulted in highly tyrosine-phosphory-
lated Stat5 with concomitant phosphorylation of Ser725 and
Ser779. Similar results were obtained in all Ba/F3 cell lines
harboring upstream fusion tyrosine kinases. Upon expression of
these kinases, strong induction of StatSa Tyr694, Ser725, and
Ser779 phosphorylation was observed (Figure 1D). Overall, these
data suggest that persistent Stat5 activation is associated with
Stat5a Ser725/779 phosphorylation.

Lack of serine phosphorylation does not alter the biochemical
properties of Stat5a

Different mutant Stat5a variants mimicking persistent Stat5 activa-
tion were used to study the role of serine phosphorylation in
steady-state hematopoiesis and in the context of Stat5 hyperactiva-
tion-driven leukemia. These constitutively active (¢S5) and WT
(S5) Stat5a constructs harbored point mutations at 2 distinct
C-terminal serine residues (Ser725 and Ser779; Figure 2A). All
mutants were subsequently expressed by pMSCV-IRES-eGFP
retroviruses and packaging cell lines (gpE+86) were generated,
which expressed comparably high titers of the respective retroviral
particles. In gpE+86 cells, expression of serine phosphorylation
was confirmed at residues Ser725 and Ser779, respectively (data
not shown). The biochemical properties of all Stat5a variants were
assessed to verify their activity. First, activating tyrosine phosphor-
ylation (Y694) of the Stat5a variants was examined in stimulated
and unstimulated 293T cells cotransfected with the erythropoietin
(Epo) receptor (Figure 2B). Upon Epo stimulation, activated Stat5
was detected in S5 as well as ¢S5 constructs. In addition, all ¢S5
proteins showed persistent tyrosine phosphorylation without cyto-
kine stimulation. It should be noted that StatSa is constitutively
phosphorylated on both serine residues when overexpressed in
293T cells (supplemental Figure 1). Furthermore, significant differ-
ences in DNA binding properties were excluded by EMSA using
the B-casein response element (Figure 2C). The ¢S5 mutants were
found to bind DNA even without cytokine stimulation and in the
absence of serine phosphorylation. In a next step, 2X Stat5
responsive elements were used to test the tetramer formation
capability of ¢S5 mutants, which is essential for their leukemogenic
potential?® (Figure 2D). No significant impairment of tetramer
formation was observed in the ¢S5 variants, which all showed
enhanced tetramerization on the 2X B-casein element compared
with WT Stat5a. Interestingly, mutation of either serine 725 or 779

20z aunr 0| uo 3senb Aq Jpd'8151L000 1 SE08UZ/0SE LB L/8FSL/6/9L L /4Pd-BloiE/pOO|q/A8U  suoledlgndyse//:dny woly papeojumoq



BLOOD, 2 SEPTEMBER 2010 - VOLUME 116, NUMBER 9 ONCOGENIC Stat5a SERINE PHOSPHORYLATION 1551

A human myeloid cell lines B human T-cell lines human B-cell lines
cML AML =
_— s £
=
o0 w - 3
=] = s g Q z E T - g
~ 9 5 3 £y L 83 £s3 ¢
8 % § 3 £ E 8 s & £ 2% E 3 5 F 3
n 3 H S S = 3 09 32 T S &8 & & =&
4 3 2 2 S

[ gn e 5755 |,.. —_——— __4'-| |5~—-=:—“| pS-725-Stats
B W [ ZEe — | [ S s r7sstats
r—I pY-Stat5 [_-— | L!-' | pY-Stats
7!‘_ Stat5a/b Ib——’.“—‘l ib'—ﬁm— | Stat5a/b

[

— = 570 I\-""—'—--‘-'I Im | tubulin
C primary patient samples
g ._‘-3 E ‘_2_‘ normal
s AML 5 ALL s cML S _marrow
8 8 8 8

Seeal—==
| ) —
e e =] e 0 O 53 P i
|—--—-—| |—-|¥H-_——- HSC70

D Ba/F3 cells
o
e
o~
z ¥ % 2 3 -
- > > o
«£ 8 2 =8 T § & &
2 5 T T 3T B £ £ §
o ] - - - - o o o
w - - - - - - +

F—- —~ ' - “' EE —= e | ps7255tats
’ — — —l ——-| pS-779-Stats

b-— ——— | — | stats2/b

e N

Figure 1. Ser725/779 residues are significantly phosphorylated in transformed cell lines and primary samples from leukemia patients. (A) The C-terminal serine
residues 725 and 779 of Statsa were found to be considerably phosphorylated in human leukemic cell lines. K562 and Ku-812 were used as representative CML samples, and
Mv4.11 and MOLM13 for AML. In Western blot analysis, Ser779 was found to be phosphorylated predominantly in CML samples, whereas Ser725 phosphorylation (Abcam
antibody) was detected in all leukemia cell lines. S5-expressing gpE+86 fibroblasts served as controls. A representative blot of 3 independent experiments was chosen.
(B) Different transformed human T- and B-cell lines, Mac-2A (CTCL), MOLT-4, CCRF-CEM, Jurkat, HPB-ALL (all T-ALL), as well as DAUDI and RAMOS cells
(Burkitt-lymphoma), REH (B-ALL), and RL-7 (non-Burkitt lymphoma) cell lines were analyzed for serine phosphorylation by Western blot analysis. Daudi cells as well as
CCRF-CEM and Mac-2A cells were found to be strongly positive for Ser725 (Eurogentech and Abcam) and Ser779 phosphorylation. Whereas Mac-2A, Daudi, and to a lesser
extent Ramos and REH cells showed Ser779 phosphorylation in addition to Tyr-phosphorylation, Ser779 phosphorylation was largely independent of Tyr-phosphorylation in
CCRF-CEM and RL-7 cells. In all B-cell lines except Daudi cells, Ser725 phosphorylation was very low but clearly detectable. A murine T-cell lymphoma line (EL-4) was
included in the analysis; it was positive for Ser779 phosphorylation, which was independent of Tyr-phosphorylation. The CML line K562 was used as positive control. Similar
results were obtained in 3 individual experiments. (C) Protein analysis of primary samples from AML (n = 4), ALL (n = 2), and CML (n = 2) patients as well as from healthy
individuals (n = 2) revealed that Stat5a and Stat5b are strongly phosphorylated not only at the critical tyrosine 694 residue, but also at serine 725, and Stat5a additionally at
serine 779. Serine 779 phosphorylation was not detected in healthy individuals, whereas serine 725 was found to be phosphorylated in all samples tested. GpE+86 cells
expressing S5 were used as controls for all analyses. The experiments were performed in duplicate. (D) Ba/F3 cells were engineered by retroviral transduction to overexpress
the ¢S5 variant as well as fusion kinases, which are known to activate Stat5a and Stat5b in human patients. Modified Ba/F3 cells were subjected to immunoblot analysis to
evaluate Stat5 tyrosine and serine phosphorylation. Ser725 (Abcam antibody) and Ser779 were strongly phosphorylated in all factor-independent lines. Parental Ba/F3 cells
starved for 20 hours and cells restimulated with IL-3, as well as S5-expressing gpE +86 fibroblasts, served as controls (exposed on the same blot; interjacent bands were cut).
The blots are representatives of 4 individual experiments.

appeared to enhance tetramer formation, whereas c¢S5-SASA, deficient cells, namely StatSab™m!l mast cells and Stat52NAN
similar to WT Stat5a, displayed reduced tetramerization, which T cells (Figure 3). For this purpose, mast cells derived from
might be attributed to diminished oligomer stability. These experi-  StatSabm!/mill feta]l livers were transduced with different StatSa
ments confirm intact biochemical activity for all constructs, which  retroviral constructs (Figure 3A). As reported by Shelburne et al,3¢
prompted us to perform cell-culture experiments to test their  Stat5-deficient mast cells are incapable of proliferating in vitro.
biologic activity. Retroviral transduction with WT Stat5a and S5-SASA, however,
was found to restore proliferation and compensate for Stat5
deficiency. This was also true for splenic T cells isolated from
Stat54NAN mice, which fail to proliferate in vitro in response to
We investigated whether the above-mentioned Stat5a mutants were  IL-2 and T-cell receptor activation®-3? (Figure 3B). However,
also capable of reconstituting proliferation of primary Stat5- re-expression of biologically functional Stat5a serine mutants was

Stat5a serine phosphorylation is not essential for mast cell and
T-cell proliferation
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A 1 793 Figure 2. Stat5a mutants exhibit unchanged biochemical
S5 cotedcol  [JEORIICNN e [N Terectaion properties. (A) Schematic representation of mutant Stat5a
proteins. The oncogenic Statsa mutant ¢S5 contains a Ser to
S710F Phe mutation at position 710, which renders it constitutively
cS5 - _ - | | active. The Stat5a mutants S725A, S779A, and SASA carry
single or double Ser to Ala substitutions. (B) 293T cells were
§5-S725A 57254 . transfected with the WT (S5) and hyperactive (cS5) mutant
¢S5-5725A - _ - 1 | Stat5a constructs indicated and stimulated via the erythropoi-
S710F etin (Epo) receptor. Cells were treated (+) with 50 U of Epo or
§5-S779A 57:9/\' left untreated (—). Whole-cell extracts were prepared and
¢S5-5779A - _ - 1 subjected to Western blot analysis to evaluate tyrosine
S710F ; ;
phosphorylation. (C) Epo-stimulated extracts from panel B
$5-SASA S725A S779A were subjected to EMSA using the B-casein site to study the
- _ 1 : I I DNA binding properties of the different WT Statsa and
CS5-5ASA S710F hyperactive Stat5a mutants. Equal dimer activity was estab-
lished before analyzing the extracts in tetramer assays as
B S5 cS5 S5-SASA  cS5-SASA  S5-S725A  ¢S5-S725A S5-S779A ¢S5-S779A described previously.228 (D) Tetramer formation of the Stat5a
Epo - + - + - + - + - + -+ - + - + mutants indicated was analyzed with Epo-stimulated 293T
| —_— e —_—— = - ||—- = e———@W| pY-stat5 cell extracts from panel B using a 2x B-casein binding
element. All Stat5a derivatives were found to bind to the site
| ———————— e || —— e | Stat5a/b as tetramers. Compared with dimers, tetramers were more
— ) stable toward competition by cold DNA. The absence of cold
| T ——————— o | |——— e————)  actin DNA (0) represents the saturated binding reaction. This was
followed by a 100 competition by cold DNA for 5, 10, and
C s5 S5  S5-SASA CS5-SASA S5-S725A cS5-S725A S5-S779A (cS5-S779A 25 minutes. ¢85, 55-5725A, and ¢85-5779A form tetramers
with enhanced DNA binding activity, which was in contrast to
Epo -+ - + - + - + - + - + - + -+ WT Stat5a (S5) and ¢S5-SASA. The data are representative
| I ‘ ‘ for 3 individual transfections.
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able to restore T-cell proliferation in culture at levels that were
similar for all mutants (Figure 3C). It is of note that in the absence
of IL-2, T cells reconstituted with the 4 ¢S5 mutants showed a
higher proliferation rate than cells transduced with WT StatSa
constructs. These findings demonstrate that a lack of serine
phosphorylation in Stat5a proteins does not affect their ability to
restore Stat5-induced proliferation.

Stat5a serine phosphorylation plays a minor role in lineage
repopulation

To further investigate the role of Stat5a serine phosphorylation in
hematopoiesis, an in vivo reconstitution assay was performed.
Stat5abulVnull fetal liver cells (CD45.2) were transduced either with
the vector control, with S5, or S5-SASA and transplanted into
lethally irradiated CD45.1 recipient mice (Figure 3D-G and
supplemental Figure 2A-D). Fetal livers of GFP-transgenic animals
with intact Stat5 loci were used as controls (supplemental Figure
2A-D). Analysis of PB and donor chimerism (CD45.1/CD45.2
system3?) performed 8 weeks after transplantation did not reveal
significant differences between WT Stat5a and the S5 double-
serine mutant (Figure 3D-G). As in GFP'® controls, more than 80%
of PB cells were donor-derived in the 2 transplant groups (supple-
mental Figure 2). Moreover, animals reconstituted with S5- and
S5-SASA-infected fetal liver cells showed comparable numbers of
transduced (GFP™) donor-derived (CD45.2%) B cells, T cells, granu-
locytes, and erythrocytes. Compared with the vector control
(supplemental Figure 2), Stat5 deficiency was best compensated for

in B-cell and erythroid lineages. The 2 Stat5a variants also
compensated for Stat5 deficiency in CD87 cells, though to a lesser
extent that might be attributable to the lack of Stat5b. In the
granulocyte lineage, reconstitution with Stat5a did not have
significant beneficial effects. These results indicate that, relative to
vector controls, both StatSa proteins are functional with respect to
lineage repopulation.

Constitutively active Stat5a confers factor-independent
survival of Ba/F3 cells only in the presence of Ser725/779
moieties

When we analyzed selected aspects of normal Stat5 function,
Stat5a serine phosphorylation was not found to be of crucial
importance. Therefore, we decided to investigate whether serine
phosphorylation is required for the transforming capacity of
persistently tyrosine-phosphorylated Stat5Sa, particularly in view of
our findings in human leukemic cell lines. Constitutive activation
of Stat5 is known to provide survival and proliferation stimuli that
result in cytokine-independent cell expansion.! Hence, all ¢S5
mutants and the S5 construct were expressed in factor-dependent
Ba/F3 cells to assess their ability to confer factor-independent
proliferation (Figure 4A). Upon cytokine withdrawal, only cells
harboring the constitutively active StatSa mutant with intact serine
phosphorylation sites were able to survive (Figure 4B). All other
¢S5 derivatives underwent apoptosis (Figure 4C), despite the fact
that they displayed constitutive phosphorylation of Y694 in the
absence of IL-3 (Figure 4D). Thus, ¢S5 serine mutants exhibit a
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Figure 3. WT and constitutively active Statsa mutants show
full biologic activity in Stat5ab-deficient cells and in a fetal-
liver cell transplant. (A) Mast cells derived from Stat5abnul/null 50
fetal livers were transduced with Stat5a-expressing retroviral 20
vectors. After transduction, the percentage of GFP* cells was
assessed at various points of time. The results obtained on days
3, 5, and 8 and those of days 10, 14, and 16 are summarized in
“week 1” and “week 2,” respectively. Uninfected cells were used
as negative controls without retroviral vector. (B) Unlike primary
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incorporation even without cytokine stimulation. The results repre-
sent 4 independent experiments. (D-G) Stat5ab™u/null fetal livers
(CD45.2) were retrovirally transduced with WT Stat5a (S5) and
S5-SASA vectors and transplanted into lethally irradiated CD45.1
recipients. Mice were bled 8 weeks after transplantation and
analyzed by FACS for donor engraftment (CD45.2),%° GFP
expression, and lineage repopulation. Repopulating capacity was
assessed for (D) B cells (B220) as well as for (E) T cells (CD8),
(F) granulocytes (Gr-1), and (G) erythrocytes (Ter119). For each
lineage, marker expression was plotted against GFP expression
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behavior similar to that of parental Ba/F3 and S5-transduced cells
(Figure 4B-C). These data suggest that, in addition to the constitu-
tive activity of the ¢S5 mutant, phosphorylation of both serine
residues is required to abolish IL-3 dependence of Ba/F3 cells.

Loss of serine phosphorylation delays disease onset in
transplanted mice

Because loss of serine phosphorylation proved to have a strong
impact on the transforming capacity of oncogenic Stat5a in Ba/F3
cells, we investigated its role in a multilineage leukemia transplant
model. All constitutively active Stat5Sa mutants were retrovirally
transduced into WT BM cells, and an equal number of transduced
LSK-cells (supplemental Table 2) were transplanted into lethally
irradiated mice. Flow cytometric analyses of transduced BM cells
revealed no lineage skewing due to ectopic expression of any of the
retroviral constructs (supplemental Table 2). Strikingly, periodic
analysis of PB over 40 weeks demonstrated that mice transplanted
with ¢S5 serine mutants remained disease-free for significantly
longer periods than those animals that had received cS5-infected
BM cells (Figure 5A). Whereas cS5-transplanted mice succumbed
to leukemia within 10 weeks after BM transplantation, single serine

-

S5-SASA

59

Gr-1 GFP Ter1l9

mutants developed signs of disease only 4 months after transplanta-
tion. Notably, cS5-SASA—transplanted mice remained disease-free
throughout the period of analysis (40 weeks), even though GFP*
cells were detected in the PB of all transplant groups.

Multilineage leukemia in cS5-transplanted mice®® was marked
by a tremendous increase in WBCs, ranging from 15000 to
120 000 cells/mL at 8 weeks after transplantation (Figure 5B left
panel). FACS analysis demonstrated that this increase was due to
myelodysplasia, which was first observed at 4 weeks after transplan-
tation. A dramatic rise in the number of GFP* myeloid cells was
detected not only in PB but also in the BM and spleen (Figure 5C
and supplemental Figure 3A). Histologically, myelodysplasia in
cS5-transplanted mice was confirmed by blood smears and sections
of the liver, spleen, and BM at 8 weeks after transplantation?®
(Figure 6A).

By contrast, no signs of disease were detectable at 8 weeks after
transplantation in animals that had received BM infected with ¢S5
serine mutants. As measured in the PB, their WBC counts were in
the range of those seen in mice transplanted with the vector control
(Figure 5B left panel). In flow cytometric analysis, all serine
mutants showed a significant number of GFP* cells, most of which
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A 2 B Figure 4. ¢S5 confers factor-independent survival in the
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Annexin V

were CD3* lymphoid cells and Gr-1* myeloid cells (Figure 5C left
panel). At 8 weeks after transplantation, histologic analysis of mice
injected with serine mutants yielded similar results as for vector
controls (Figure 6A). Even at 32 weeks after transplantation, the
WBC counts of single-serine mutants were only slightly elevated
compared with vector controls (Figure 5B right panel). However,
the overall percentage of GFP' cells in Stat5a single-serine
mutants increased to 30% to 40% of WBCs. Both in the PB and in
the spleen, this increase was more pronounced in the CD3* and
Gr-1* population than in the Gr-1*Mac-1" myeloid cells (Figure
5C right panel and supplemental Figure 3A). The absence of GFP*
Gr-1"Mac-1" myeloid cells in PB cannot be explained by an
altered total number of myeloid cells at any point of analysis,
because it was not different from that observed in vector controls
(supplemental Table 3). Interestingly, the total number of lymphoid
cells in the PB of single-serine mutants was not affected by the
increase in GFP* cells either. Conversely, the increase in GFP*
cells in terminally ill cS5-transplanted mice resulted in a higher
total number of myeloid cells. In the BM of both single-serine
transplant groups the number of GFP* cells was too low to be
assigned to a specific lineage (supplemental Figure 3A). This was
also true for all samples obtained from cS5-SASA-transplanted
mice (Figure 5C right panel and supplemental Figure 3A). No
increase in the GFP* population was seen in vector controls

(Figure 5C right panel; data not shown for BM and spleen). At
32 weeks, an increased number of lymphoid cells was also detected
in the blood smears of ¢S5 single-serine mutants (Figure 6B).
Comparing the 2 mutants, c¢S5-S725A—transplanted mice were
found to have a slightly stronger disease phenotype with additional
disruption of spleen architecture and infiltration of the liver by
hematopoietic cells. ¢S5-SASA—transplanted mice did not show
any signs of disease throughout the period of analysis (40 weeks).
In Western blot analyses, significant Stat5a Ser779 phosphorylation
was detected in the spleens of diseased ¢S5 and cS5-S725A mice,
whereas there was no significant Stat5 serine phosphorylation in
¢S5-S779 A—transplanted mice and disease-free animals (supplemen-
tal Figure 3B). It should be noted that the difference in Ser779
phosphorylation levels of the 2 ¢S5 mice was due to their different
disease stages. Because the lack of C-terminal serine phosphoryla-
tion was found to prolong disease-free survival in mice, these
results strongly suggest a role of Stat5 serine phosphorylation in
myeloid dysplasia.

Discussion

Constitutive activation of Stat5 was shown to be directly involved
in oncogenic transformation.'- In addition to activating tyrosine
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Figure 5. Loss of Stat5a serine-phosphorylation delays A end point of analysis
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phosphorylation, serine phosphorylation has been found in most
Stat proteins. The latter has been shown to be important for
maximal transcriptional activity of Stat1/3/4 but not of Stat5a and
Stat5b.?? Biochemical and biologic functions of Stat serine phos-
phorylation also include DNA binding,?*37 cofactor association,
immune responses,®#° and transformation.*!#? Interestingly, we
found the C-terminally mapped serines of Stat5a (Ser725/779) to
be highly phosphorylated in human ber/abl™ CML samples, human
lymphoma cell lines, primary leukemia patient samples, and Ba/F3
cells overexpressing different fusion tyrosine kinases. It is of note
that strong Ser779 phosphorylation was detected in primary AML,
ALL, and CML patient samples, but not in healthy individuals.
These findings suggest that Stat5a serine phosphorylation may
have an essential role in hematopoietic transformation.

To evaluate the importance of StatSa serine phosphorylation at
residues 779 and 725 for hematopoietic cells, different WT (S5)
and point-mutated hyperactive Stat5a (cS5) variants exhibiting
intact biochemical activity were used. Notably, all hyperactivated
mutants showed the same capacity to form tetramers, which is

essential for the leukemogenic potential of Stat5.28 Similar to serine
mutants of human Stat5a,*? all WT and hyperactive constructs were
able to rescue the phenotype of primary Stat5-deficient spleno-
cytes. Likewise, reconstitution of lethally irradiated mice with
Stat5-deficient fetal liver cells harboring the double-serine mutant
of WT Stat5a resulted in lineage repopulation comparable with that
seen in mice transplanted with Stat5a-transduced fetal liver cells.
As in Stat5ab~/~ animals,!7#44¢ transplantation of Stat5™Wm!! fetal
livers induced lymphopenia and anemia. Unlike vector controls,
both Stat5a variants were able to compensate for Stat5 deficiency in
B, T, and erythroid cell lineages. These data suggest that serine
phosphorylation has only a minor role in normal hematopoiesis,
which is in line with previous reports.!1:23-2 Yet, the significance of
serine phosphorylation for other aspects of hematopoiesis, such as
homing, migration, and stress hematopoiesis still remains to be
elucidated.

Intriguingly, the present study revealed that phosphorylation of
both serines is a prerequisite for factor-independent growth of
Ba/F3 cells. Mutation of either of the 2 serine residues was found to
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Figure 6. Alterations of organotypic structures in cS5-transplanted
mice and ¢S5 serine mutants. (A) At 8 weeks after BM transplantation,

liver
(200x)

BM
(400x)

B 32 weeks after transplantation

vector cS5 €S5-S725A €S5-S779A

histopathologic analysis of PB, liver, spleen, and BM revealed signs of
leukemia in cS5-transplanted mice, including elevated numbers of myeloid
and lymphoid cells in the PB and disruption of spleen germinal center
architecture with concomitant splenomegaly. In addition, the liver portal
tracts and parts of the liver parenchyma in these mice were diffusely
infiltrated by hematopoietic cells. Blast-like cells were detected in the BM.
Contrary, mice transplanted with ¢S5 serine mutants did not show any
abnormalities and histologically resembled the GFP vector controls. (B) At
32 weeks after transplantation, mice transplanted with ¢S5 single-serine
mutants showed increased numbers of lymphoid cells in PB, with ¢S5-
S725A-transplanted mice displaying a stronger phenotype characterized
by disruption of the splenic architecture and infiltration of the liver by
hematopoietic cells. cS5-SASA—transplanted mice did not show any signs
of disease throughout the period of analysis. For each transplant group, a
minimum of 8 mice was analyzed, which all displayed similar histologic
features (magnifications: spleen X100, liver X200, BM and blood smear
X400).

€S5-SASA

liver

(200x) |

no survivors

spleen

(100x)
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abolish factor-independent survival of Ba/F3 cells, even though
Stat5 was highly tyrosine phosphorylated. This suggests that Stat5a
serine phosphorylation is essential for the transformation of
hematopoietic cells. Indeed, loss of Stat5Sa serine phosphorylation
had a strong impact on the transforming capacity of constitutively
active Stat5a in a BM transplant model. Substitution of a single
C-terminal serine by alanine proved sufficient to significantly delay
disease onset in cS5-transplanted mice, whereas mutation of both
C-terminal serines abrogated leukemia development. Integration of
all retroviral ¢S5-constructs including cS5-SASA was verified in
splenocytes of transplanted mice (by sequencing retroviral inser-
tion; data not shown), and GFP™* cells were traceable in all animals
throughout the period of analysis. Interestingly, we observed a
lineage shift in mice transplanted with serine-mutant ¢S5 variants.
The serine mutants did not show expansion of the myeloid lineage,
as was observed in cS5-transplanted animals, but an increase in
CD3* population. This was not due to a reduction in the total
number of myeloid cells, which was similar to that found in vector
controls. Presumably, it was the shift of GFP expression to the
lymphoid lineage that prevented myeloid expansion and thus rapid
onset of disease. Skewing to specific lineages and differences in
transduction rates during the initial culturing and infection phase
were precluded by administering the same number of transduced
LSK cells to each animal.

The reduced transforming capacity of ¢S5 serine mutants might
be explained by alterations in the transcriptional profile. The serine
phosphorylation sites are in close vicinity to the amphipathic

g
v
:

a-helix within the transactivation domain of Stat5a, which is
negatively charged.’* Stat5a and Stat5b contain only weak transac-
tivation domains.>**7 This is why Stat5-mediated transcription
requires binding of factors that coregulate gene expression cell
specifically.’* Serine phosphorylation at the C-terminal tail of Stat5
proteins might be essential for creating a more acidic, negatively
charged surface that is able to attract positively charged cofactors
or other transcription factors. Alternatively, unknown factors such
as different cellular location of Stat5a*'*® or altered accessibility
for tyrosine phosphatases might contribute to the reduced transform-
ing capacity of serine mutants.

In conclusion, our data suggest that Stat5a Ser725/779 phosphor-
ylation is indispensible for hematopoietic transformation. As it is
not conserved in Stat5b, the region of Stat5a encompassing Ser779
might provide a particularly attractive target for future therapeutic
strategies in leukemia and myeloid dysplasias. Thus, identification
of the kinase responsible for phosphorylating Ser779 in StatSa
would be the first essential step toward the development of a
suitable inhibitor. Unlike Statl and Stat3, Stat5 proteins are not
considered substrates of extracellular signal-regulated kinases
(ERKSs) that bind to PSP motifs.?**-%0 Hence, Stat5 regulation may
be different from that of other Stats.>! There are several kinases that
may control Stat5a serine phosphorylation, including stress ki-
nases, cyclin-dependent kinases (CDKs), and Pim kinases. Elucidat-
ing the impact of eliminating serine phosphorylation in trans-
formed cells might, therefore, be a step forward in the development
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of a novel therapeutic concept for hematopoietic malignancies that
has no major side effects on normal hematopoiesis.
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