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TAT5 proteins are activated by
tyrosine  phosphorylation, but
recently further post-translation modifi-
cations such as serine/threonine phos-
phorylation, acetylation at lysine residues
or sumoylation in close vicinity of the
critical tyrosine residue been
reported. Here, we discuss new findings
on impaired STATS5 signaling in lym-
phocytes isolated from a SUMO-specific
protease knockout mouse (SENP17/7),
which results in sumoylated STAT5 and
abolishes tyrosine phosphorylation. Van
Nguyen and colleagues examined acetyla-
tion and sumoylation of STAT5 and
found that both modifications act ant-
agonistically to control tyrosine phos-

phorylation of STATS.

have

STATs are important growth factor- and
cytokine-induced  transcription  factors.
STATs1-6 are evolutionarily conserved,'
and fall into six domains (Fig.1).
Extracellular ligands specifically bind to
membrane-bound receptors, which subse-
quently trigger one or more of the four
Janus tyrosine kinases (JAKs) to activate
STATs by tyrosine phosphorylation at
their C-terminal domains.” JAK2 was also
shown to contain serine/threonine kinase
activity within its pseudokinase domain,
which is the most frequently mutated
kinase module in the human kinome.’
Phosphorylated STATs enter the nucleus
and activate target genes.” Beyond tyrosine
and serine phosphorylation, lysine ubiqui-
neddylation,
sumoylation and acetylation were recog-
nized as modulators of STAT signaling.>*”

The two genes STAT5A and STAT5B

are located next to each other on human

tinylation, glycosylation,
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chromosome #17 or mouse chromosome
#11. Both genes were shown to be
essential for hematopoietic development
and are aberrantly activated in many
hematopoietic cancers.® They are in close
proximity to STAT3 with which they
share several functional aspects, like con-
trol of GI1/S progression and cellular
survival. Remarkably, STATS is a negative
prognostic marker in myeloid leukemias,
but a positive one in breast cancer.>"
STAT5 deletion ablates disease main-
tenance in chronic myelogenous leukemia
and polycythemia vera.'"'* To generalize,
STATS5 is essential for generation and/or
maintenance of myeloproliferative neo-
plasms, where it controls proliferation

and survival of neoplastic cells.%%'*"

These findings define STATS as a candid-
ate target for therapy,'® but the exact role
of STATS5 for lymphoid neoplasms or
carcinomas is incompletely understood
and often discussed controversially.® An
important observation from mouse models
is that genetic deletion of STATS is
surprisingly well tolerated in normal
hematopoiesis and mainly affects platelet
counts.'’ Transformation through STAT5
in myeloid cells requires acquisition of
complementary oncogenic functions in the
nucleus where oligomers of STAT5 activ-
ate genes involved in proliferation and
survival.'>'* In the cytoplasm of neoplastic
myeloid cells the abundant presence of
oncogenic STATS promotes association
with the PI3BK-AKT-mTOR pathway to

16,17

induce cell growth and survival.

STATS is

modifier and it was found to associate

Furthermore, a chromatin

with chromatin  remodeling  proteins
including EZH2  or  p300/CBP
(Fig.1).*'®  Conditional deletion of
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Figure 1. Protein-protein interactions of STAT5 domains with major signaling pathways and chromatin remodeling proteins. Schematic overview of the
chromatin remodeling capability of STAT5, exerted through the N- or C-terminal domains. The N-terminus of STAT5 can form oligomers on DNA,
resulting in DNA loop formation and interaction with other STAT oligomers forming a transcriptional enhanceosome. Two interaction motifs for the HATs
CBP/p300 have been mapped to the extreme N- or C-terminus. The oligomerization domain of STAT5A was also shown to be O-Gluc-NAc modified at
threonine position 92. The second CBP/p300 binding interface is at the C-terminus, where particular serine phosphorylation of STAT5A at amino acid
position 725 and 779 were shown to boost transcriptional activity and myeloid transformation. Activated and tyrosine phosphorylated STAT5 was also
shown to interact with the PI3K-AKT-mTOR pathway through binding to the GAB2 scaffold protein through non-canonical JAK-STAT signaling in the
cytoplasm. Shown is also the mapped repressor interaction with SMRT in the coiled coil domain. Moreover, we illustrate a recently mapped interaction of
STATS5 oligomers with EZH2 on chromatin. EZH2 is the PcG enhancer of zeste homolog 2, the catalytic component of the polycomb repressive complex 2
that serves to trimethylate histone H3 lysine 27 (H3K27me3). The lower panel shows the C-terminal amino acid compositions of murine STAT5A, from the
critical tyrosine residue at position 694 to the carboxyl terminal end of amino acid position 793. Also shown is STAT5B from the critical tyrosine residue at
position 699 to the carboxyl terminal end of amino acid position 786 with mapped C-terminal phosphosites, interaction motifs for cofactor (p300/CBP,
NCoA-1/SRC-1, CPAP) or phosphatase (SHP) interaction. Very recently, acetylation and sumoylation were mapped to the next lysine at position 696 of
STATS5A or 701 of STAT5B following the critical phosphotyrosine site. Moreover, there is an additional sumoylation site found at position 700 of STAT5A
and 705 of STAT5B. The C-termini differ in the essential serine phosphorylation site S779 only present in STAT5A. Gain of function mutations at amino
acid position 710 of STAT5A or 715 of STAT5B helped to reveal functional insights into STAT5 signaling, which most likely result in a conformational
change that allows enhanced and prolonged tyrosine phosphorylation of both STAT5 isoforms when mutated to phenylalanine.

STATS5A and STATSB in adult mouse
hematopoietic stem cells revealed a dual
role for STATS5 signaling. On the one
hand it is a mitogenic factor for most
hematopoietic cell lineages including pro-
genitors,®'" but it is also a key transcrip-
tional regulator that maintains quiescence
of hematopoietic stem cells (HSCs) during
steady-state hematopoiesis. "’

The article “SUMO-specific protease 1
is critical for early lymphoid development
through regulation of STAT5 activa-
tion,””® reveals novel aspects on the
control of STAT5 by post-translational
modifications. This work examined the
phenotype of SENPI knockout (KO)
mice with a detailed biochemical analysis
for sumoylation, acetylation and tyrosine
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phosphorylation of STATS. Sumoylation
of STATS5 occurs on two lysine residues
adjacent to the critical tyrosine moiety,
where the first lysine residue can also be
acetylated (Fig. 1). The authors present a
model in which acetylation and sumoyla-
tion antagonistically control tyrosine phos-
phorylation of STATS.

Acetylation of e-NH), residues of lysine
moieties is modulated by the opposing
enzymatic activities of histone acetyltrans-
ferases (HATs) and histone deacetylases
(HDAC:). Zinc- or NAD-dependent dea-
cetylation of STATs by HDAG:s 1, 2, 3
and 4, SIRT1 and acetyl-CoA-dependent
acetylation of STATs by CBP, p300,
GCNS5 and PCAF were found in adherent
and hematopoietic cells.”?'?* Covalent
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attachment of a small ubiquitin-related
modifier (SUMO) to lysine residues can
also alter biological functions. The inter-
play between an activating enzyme (E1), a
sole SUMO-conjugase UBC9 (E2) and
SUMO-ligases (E3s) catalyzes sumoylation
of target proteins. The various E3s
promote this post-translational modi-
fication.®  SUMO-specific ~ proteases
(SENPs1-8, aka sentrin-specific proteases)
remove SUMO in order to allow highly
dynamic on/off sumoylation-desumoyla-
tion-cycles. In contrast to poly-ubiquiti-
nylation, sumoylation does usually not
culminate in proteasomal degradation.
Sumoylation rather alters the complex
formation, localization and activity of

proteins.”>?*
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Van Nguyen and colleagues used a
SENP1 KO primary cell system to analyze
whether sumoylation has an impact on
early T and B cell development.”® This
idea was based on the fact that the
hematopoietic phenotype of SENP1 KO
mice was strikingly similar and overlap-
ping to STAT5 deletion using -either
complete KO or conditional deletion of
STATS5 in the lymphoid lineage via Lck-
Cre conditional targeting.'"***"*® A putat-
ive defect on IL-7 signaling components in
fetal livers of SENP1~/~
excluded since the lymphoid defects in
these mice were more reminiscent of the
phenotype of STATS null animals.™*
Thus, the authors speculated that SENP1
may target sumoylation of STATS, which
was tested by immunoblotting whole cell

animals was

lysates from lymphoid and myeloid cells.
Depending on the number of sumoylation
sites, shifts in increments of ~15 to 20 kDa
can be observed, ie., post-translational
modification with SUMO causes slower
migration of proteins in SDS-PAGE gels.
STAT5 has a molecular weight of -92 to
95 kDa on SDS Page gels. A ~40 kDa
slower migrating band of STAT5 was
detected when lysates from SENP17/~ B
and T cells were analyzed with ant-
STATS5A/B antibodies by immunoblotting.

To corroborate sumoylation of STATS
in SENP1 null cells, STAT5 was pre-
cipitated with anti-STAT5A/B antibodies
from B cell lysates. These lysates were
prepared under stringent conditions to
exclude that associated sumoylated pro-
teins cause false-positive results. The
obtained precipitates were analyzed with
antibodies against SUMO1 or SUMO2/
SUMO3. Western blot signals obtained
with this method showed modification of
STAT5A and STAT5B by SUMOZ2/
SUMO3. Thus, Van Nguyen et al
discovered a SENP1-sensitive sumoylation
of STAT5 in primary B
Overexpression experiments verified modi-
fication of STAT5A/B with SUMO2 and
that catalytically active SENP1 removes

cells.

this modification, which was enhanced by
the RING E3 SUMO ligase PIAS3. Such
experiments are important as they exclude
the possibility that higher migrating bands
are splice variants or cross-reactive species.
Interestingly, one sumoylated STATS5
species was found in lymphoid cells, but
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two bands above the expected molecular
weight of STAT5 were observed in ectopic
expression experiments using STAT5 and
SUMO2. Perhaps this finding indicates
differential use of STATS sumoylation
sites in different cell types, which awaits
further investigation.

Apparently, T and B cells lacking SENP1
use both sumoylation sites in the STAT5
C-terminus, which explains the shift of
~40 kDa in SDS-PAGE. Sumoylation of
STATS5 was not detected in myeloid cells,*
but as discussed above STAT5 activation is
a key driver for myeloid neoplasm main-
tenance. Why myeloid cells do not display
STATS5 sumoylation is enigmatic and needs
clarification. The identification of STAT5
isoform-specific sumoylation was not clearly
demonstrated in lymphocytes, but isoform-
specific expression in COS-1 cells (that do
not contain significant levels of endogenous
STAT5 proteins) suggests that both
STATSA and STAT5B can be tagged with
SUMO. The authors used a pan anti-
STATSA/B  rabbit polyclonal antibody
serum as stated in the supplementary
information and this brings down the
heterodimers of STAT5A/STAT5B allow-
ing no further distinction for sumoylation
for respective STATS5 isoforms. Nonethe-
less, the fact that expression of the STATS
target gene Bel2 was suppressed at mRNA
and protein levels in SENP1 ™"~ mice clearly
suggests a biological impact of sumoylation
on STATS signaling.

Sumoylation often occurs at lysine
residues within the consensus sequence
WKxE (P, large hydrophobic amino acid;
K, lysine subject to sumoylation; x, any
amino acid; E, glutamic acid residue).”
However, mutation of such sites to
arginine residues (which cannot be sumoy-
lated due to their mesomerically stabilized
guanidine groups) did not prevent sumoy-
lation of overexpressed STATS5. The fact
that STAT1 has a sumoylation site (K703)
close to the phosphorylated tyrosine 701%
prompted Van Nguyen and colleagues to
compare the STAT5 protein sequences
from Homo sapiens, Mus musculus and
Rattus norvegicus. They found that across
species two STATSA/STATSB  lysine
residues adjacent to tyrosine 694 are
conserved and sumoylated. Sumoylation
of single (K696R or K700R) or double
mutants (K696 and 700R) of STATS5A

JAK-STAT

was drastically reduced. Thus, lysine
residues 696 and 700 are the major sites
for sumoylation of STATS5A. The major
sumoylation sites in STAT5B are lysine
residues 701 and 705. Their mutation
significantly reduced conjugation of ecto-
pically expressed STATSA with SUMO2.
Furthermore, phosphorylation at Y694 is
required for the sumoylation of STAT5A
and only the nuclear portion of STATS
was found to be sumoylated in primary B
cells. These data suggest that before
becoming sumoylated, STATS must enter
the nucleus as a phosphorylated protein.
There is still the possibility that sumoyla-
tion of STAT5 happens only when bound
to DNA or when present in the nucleus.
Here, the STAT5 proteins are very
important chromatin remodeling proteins
through their N-termini and N-terminal
deletion of STATS5 largely abolished
lymphocyte functions and development.®*
Thus, it will be interesting to see if an N-
terminally truncated STATS molecule can
still be sumoylated at the C-terminus or if
DNA binding defective mutants also allow
for sumoylation. Clearly, STATS tyrosine
phosphorylation is a prerequisite for
sumoylation and it remains to be clarified
how fast this takes place after nuclear
translocation. Does sumoylation take place
immediately when STATS5 enters the
nucleus, and does it thereby immediately
prevent all transcriptional activity of
STAT5? Inducible expression of SENP1,
e.g., by using SENP1-ER fusions, might
allow such studies.

STAT1 is sumoylated at K703 and
mutations  impairing sumoylation of
STAT1 hardly alter STATI1-dependent
transcriptional and antiviral activity or
cause no measurable effect on STATI
activity.”” In contrast, STATS was not
tyrosine phosphorylated in T and B cells
derived from SENPI null HSCs treated
for long-term with IL-7 and FLT3 ligand.
However, total STATS5 protein levels were
omitted allowing no clear cut answer to
the data shown. Sumoylation often targets
only a minor pool of a protein species
to serve as a transient modification allow-
ing sumoylation-independent persistent
changes.”?® The paper by Van Nguyen
et al. hence suggests that a low percentage
of sumoylated nuclear STAT5 has a
broader impact on the entire STATS5
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protein pool in lymphocytes. This situ-
ation is reminiscent of the acetylation-
dependent inactivation of STATI by a
limited number of acetylated STATI
molecules binding the T cell protein
phosphatase.”>??*** An alternative scen-
ario could be that the JAK kinase activity
in hematopoietic progenitor cells is affec-
ted by SENP1 or that tyrosine phospha-
tase action is increased upon sumoylation.
It hence remains puzzling why only part of
the total pool of available STATS appears
to become sumoylation and what the
physiological meaning of this observation
is. DPerhaps, specific phosphatases are
recruited upon modification with SUMO.

Acetylation of STATS5B at residues
K359, K694 and K701 was first reported
in 2010.>° These authors revealed an
acetylation-dependent
endogenous STAT5 in prolactin-treated

dimerization  of

breast cancer cells. Van Nguyen et al.
hypothesized that sumoylation and acet-
ylation may have opposing effects on the
tyrosine phosphorylation of STAT5.% In
contrast to STAT1 which is acetylated by
the HAT CBP and not by the HATSs
p300, GCN5 and PCAF’ overexpressed
CBP, p300 and to a lesser extent
GCN5 and PCAF also enhance STATS
acetylation.”® Van Nguyen focused on
p300 and noted that acetylation of
STAT5A KG696R by p300 could not be
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