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SUMMARY
Small ubiquitin-like modifier (SUMO) modification has emerged as an important regulatory
mechanism during embryonic development. However, it is not known whether SUMOylation
plays a role in the development of the immune system. Here, we show that SUMO-specific
protease 1 (SENP1) is essential for the development of early T and B cells. STAT5, a key
regulator of lymphoid development, is modified by SUMO-2 and is specifically regulated by
SENP1. In the absence of SENP1, SUMO-2 modified STAT5 accumulates in early lymphoid
precursors, resulting in a block in its acetylation and subsequent signaling. These results
demonstrate a crucial role of SENP1 in the regulation of STAT5 activation during early lymphoid
development.

INTRODUCTION
SUMOylation has been shown to regulate a number of cellular processes, including
transcription, DNA repair, cell-cycle progression and signal transduction from yeast to
human (Mukhopadhyay and Dasso, 2007; Yeh, 2009). Many transcription factors are
SUMOylated, resulting in alteration of their function (Gill, 2004). SUMOylation is
catalyzed by SUMO-specific E1, E2, and E3 ligases and can be reversed by SUMO-specific
proteases (SENPs). In mammalian cells, six SENPs have been identified. They can be
divided into three subfamilies on the basis of their sequence homology, cellular localization
and substrate specificity (Yeh, 2009). SENP1 belongs to the first subfamily, which
deSUMOlates SUMO-1 or SUMO-2/3-conjugated proteins. Previously, we reported that
inactivation of the murine SENP1 gene results in embryonic lethality prior to embryonic day
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16.5 (E16.5), due to a severe defect in definitive erythropoiesis stemming from deficient
erythropoietin (Epo) production (Cheng et al., 2007). SENP1 knockout (KO) mouse study
revealed that SENP1 controls EPO production by regulating the stability of hypoxia-
inducible factor 1α (HIF1α) (Cheng et al., 2007). Despite extensive biochemical studies on
SENPs in vitro, the physiological significance and in vivo functions of the SENPs remain
poorly understood.

Lymphoid development is tightly regulated by transcription factors and cytokines
(Busslinger, 2004; Rothenberg and Taghon, 2005). Interleukin-7 (IL-7) is a non-redundant
and essential cytokine for the development of both T and B cells (von Freeden-Jeffry et al.,
1995). Its receptor consists of two chains, IL-7Rα and common cytokine receptor γ-chain
(γC), which bind the Janus kinase 3 (Jak3) (Goodwin et al., 1990; Noguchi et al., 1993).
STAT5 is a key signal molecule downstream of IL-7R (Mazzucchelli and Durum, 2007). It
contains two highly related isoforms, STAT5A and STAT5B, which are encoded by
separate genes and play critical roles in the development and function of immune cells
(Hennighausen and Robinson, 2008). Complete inactivation of the murine STAT5A and
STAT5B genes results in severe defects in early T and B cell development (Hoelbl et al.,
2006; Malin et al., 2010; Yao et al., 2006).

In unstimulated cells, quiescent STAT5 exists in the cytoplasm as a monomer. A ligand such
as Epo, prolactin, or IL-7, binds to its cognate receptor to activate the receptor associated
Jak tyrosine kinase, resulting in STAT5 activation by tyrosine phosphorylation. Tyrosine
phosphorylated STAT5 dimerizes and translocates to the nucleus, where it drives
transcription of target genes. Nuclear STAT5 can be dephosphorylated and return to the
cytoplasm to complete the activation-inactivation cycle (Leonard and O’Shea, 1998; Levy
and Darnell, 2002). Recent findings indicate that STAT5 activity is also under synchronous
acetylation regulation, which plays an important role in regulating STAT5 dimerization (Ma
et al., 2010). However, little is known about the mechanisms of STAT5 inactivation
regarding simultaneous dephosphorylation and deacetylation.

In the present study, we investigated the role of SENP1 in lymphoid development using
SENP1 KO mice that we described earlier (Cheng et al., 2007). Our data demonstrated that
SENP1 KO mice exhibit severe defects in early T and B cell development. In the absence of
SENP1, accumulation of SUMOylated STAT5 results in inhibition of STAT5 activity and
lymphoid development. We further showed that SENP1 regulates the SUMOylation status
of STAT5. These results reveal a specific role of SENP1 in the regulation of STAT5
transcriptional activity during lymphoid development.

RESULTS
SENP1 deficiency impairs T cell development

To investigate the role of SENP1 in lymphopoiesis, we first analyzed its expression pattern
in lymphoid cells. Interestingly, SENP1 was highly expressed at the early stages of T and B
cell development, including DN2, DN3 and DN4 T cells, and proB and Pre-B cells,
respectively (Figure S1), raising the possibility that SENP1 might participate in T and B
lymphopoiesis.

We next examined the phenotype of thymus in SENP1−/− embryos. Histological
examination of thymic sections revealed that both the size and cellularity of E15.5
SENP1−/− thymi were markedly decreased compared with those of wild-type littermates
(Figure 1A). To check whether a partial or complete block in T cell development could
explain thymic hypocellularity and smaller thymus size in SENP1−/− embryos, we
cocultured hematopoietic stem cells (HSCs) isolated from fetal livers (FL) in E14.5 wild-
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type and SENP1−/− embryos with OP9 stromal cells expressing Delta-like 1 (OP9-DL1
cells) in the presence of cytokines Flt3L (FMS-like tyrosine kinase 3 ligand) and IL-7 to
induce T cell differentiation in vitro (Schmitt and Zuniga-Pflucker, 2002). After 7 days of
coculture, flow cytometric analysis revealed that most of the cells derived from both wild-
type and SENP1−/− HSCs were immature CD4−CD8− (DN) thymocytes (Figure 1B, top
panel). However, further segregation of DN thymocytes into distinct subsets (DN1-DN4)
showed an increased frequency of DN1 subset, and decreased frequencies of DN2 and DN3
subsets generated from SENP1−/− HSCs (Figure 1B, lower panel). Furthermore, the absolute
numbers of DN2, DN3 and DN4 T cells derived from SENP1−/− HSCs were significantly
decreased compared with those of wild-type controls (Figure 1C). These results indicate that
SENP1 is required for early T cell development at or before the DN2 stage.

Under OP9-DL1 cell coculture conditions, wild-type and SENP1−/− HSCs were unable to
generate B and myeloid cells (Figure S2A). After 14 days of coculture on OP9-DL1 cells,
despite a substantial decrease in the absolute cell numbers, CD4/CD8 double positive (DP),
CD4 single positive (SP) and CD8 SP cells could still be generated from SENP1−/− HSCs
(Figure S2B). These results strongly suggest that SENP1 deficiency leads to an incomplete
block in early T cell development.

SENP1 deficiency impairs B cell development
Next, we investigated whether B cell development is also affected by the absence of SENP1.
We first examined B lymphopoiesis in fetal livers from E14.5 SENP1−/− embryos and found
that SENP1−/− embryos displayed a severe reduction in the absolute number of
B220+CD19+ B cells compared with wild-type littermate controls (Figure S2C). To further
assess the effects of SENP1 deficiency on B cell development, we cocultured FL-HSCs with
OP9 stromal cells in the presence of Flt3L and IL-7 to promote B cell differentiation in vitro
(Vieira and Cumano, 2004). B cell development occurs through various stages, which can be
characterized by their expression of cell-surface markers according to the Hardy
nomenclature (Hardy and Hayakawa, 2001). After 7 days of coculture, flow cytometric
analysis revealed an increased frequency of early pro-B (B220+CD43+BP-1−CD24+) cells
generated from wild-type HSCs. In contrast, most B cells generated from SENP1−/− HSCs
displayed markers of pre-pro-B (B220+CD43+BP-1−CD24−) and early pro-B
(B220+CD43+BP-1−CD24+) cells (Figure 2A). Furthermore, the absolute numbers of pre-
pro-B, early pro-B, late pro-B and pre-B cells derived from SENP1−/− HSCs were
significantly reduced compared with wild-type controls (Figure 2B), suggesting a critical
role of SENP1 at the earliest stages of B cell development.

Under OP9 cell coculture conditions, myeloid development was not affected in the absence
of SENP1 since the absolute number of myeloid cells derived from both wild-type and
SENP1−/− HSCs remained similar (Figures 2B and S3A). After 14 days of coculture, we
also found significant reductions in the frequencies and absolute numbers of pro-B and pre-
B cells (B220+CD19+) (Figures 2C and 2D), and immature B cells (B200+IgM+) derived
from SENP1−/− HSCs (Figures 2E and 2F). These results clearly show that SENP1 is
required for B cell development at the early stages.

SENP1 deficiency does not affect myeloid cell development
To demonstrate that the hematopoietic defects caused by SENP1 deficiency are restricted to
the erythroid (Cheng et al., 2007; Yamaguchi et al., 2005; Yu et al., 2010) and lymphoid
lineages, but not the myeloid lineage, we cultured wild-type and SENP1−/− HSCs on OP9
stromal cells in the presence of IL3, IL6, SCF, and Flt3L, and analyzed myeloid cells
expressing Gr-1 and CD11b markers after 7 days of culture. Consistent with our previous
report (Cheng et al., 2007), no defect in myeloid-lineage development was observed in the
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absence of SENP1 since the frequency and absolute number of myeloid cells
(Gr-1+CD11b+) generated from both wild-type and SENP1−/− HSCs were comparable (Fig.
S3B).

SENP1 deficiency results in intrinsic defects in T and B development
To further confirm that SENP1 deficiency resulted in defects that are intrinsic to T and B
cell development, we performed FL transplantation experiments using RAG-1−/− mice,
which lack mature B and T cells (Mombaerts et al., 1992). FL cells from E14.5 wild-type
and SENP1−/− embryos were transplanted into lethally irradiated RAG-1−/− mice. Six
weeks after transplantation, the lymphoid compartments of the recipients were harvested,
counted and analyzed by flow cytometry. Compared with RAG-1−/− mice reconstituted with
wild-type FL cells (wild-type recipients), the total cell numbers in lymphoid organs of
RAG-1−/− mice reconstituted with SENP1−/− FL cells (SENP1−/− recipients), exhibited a
10- to 20-fold reduction (Figure 3A). Analysis of T cell development in the thymi of
recipients showed that the frequency of DP T cells in the thymi of SENP1−/− recipients was
greatly reduced compared with wild-type recipients (Figure 3B). Similarly, analysis of B
cell development in the bone marrow of recipients revealed that the frequencies of
CD19+B220+ and B220+IgM+IgD− B cells were significantly reduced in SENP1−/−

recipients (Figure 3C). Taken together, our data demonstrate that SENP1 deficiency results
in intrinsic defects in T and B development.

SENP1 regulates SUMOylation of STAT5
To check whether SENP1 deficiency may affect transcription of key transcription factors
crucial for early lymphoid development, we analyzed their expression in fetal livers of E14.5
embryos by quantitative real-time PCR. Expression levels of PU.1, STAT5, GATA3 and
E2A from SENP1−/− fetal livers remained unchanged compared with those from wild-type
littermate controls (Figure S4A). To determine whether the impaired development of B and
T cells in SENP1 deficiency is due to reduced expression of IL-7R components, real-time
PCR analysis was performed. The mRNA levels of IL-7R components including IL-7Rα and
γc chains, Jak1 and Jak3 in fetal livers of E14.4 SENP1−/− embryos were undisturbed,
suggesting that the expression of genes involved in the IL-7R signaling pathway is intact
(Figure S4B). Indeed, the lymphoid defects in SENP1 deficiency described here are quite
similar to the one observed in STAT5 deficiency (Hoelbl et al., 2006; Malin et al., 2010;
Yao et al., 2006).

Given that SENP1 regulated activity of transcription factors (Cheng et al., 2007; Yu et al.,
2010), we hypothesized that SENP1 may control early development of T and B cells through
altering the SUMOylation status of STAT5. To explore this possibility, we first examined
SUMOylation of STAT5 in wild-type and SENP1−/− B, T and myeloid cells derived from
HSC differentiation in vitro after 7 days of coculture by Western blot analysis. As shown in
Figure 4A, the ~95-kDa full-length STAT5 was detected in all wild-type and SENP1−/− B,
T and myeloid cells, whereas a modified form of STAT5 migrating at 135 kDa (~ 40 kDa
shift) was observed only in SENP1−/− B and T cells. On the other hand, the protein level of
another STAT family member, STAT3 in SENP1−/− B and T cells was unchanged
compared with wild-type B and T cells, respectively. To verify that the ~ 135-kDa band was
a SUMOylated form of STAT5, lysates of wild-type and SENP1−/− B cells were subjected
to denaturing immunoprecipitation with anti-STAT5 antibody, followed by immunoblotting
with anti-SUMO-1 and anti-SUMO-2/3 antibodies. This ~ 135-kDa band displayed in
SENP1−/− B cells was readily detected with anti-SUMO-2/3, but not by anti-SUMO-1 or
control IgG (Figure 4B). These results clearly demonstrate that the modified form of STAT5
accumulated in SENP1−/− B and T cells is indeed SUMOylated STAT5. Consistent with the
accumulation of SUMOylated STAT5, the expression of BCL-2, a well-studied downstream
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target of STAT5 (Akashi et al., 1997; Maraskovsky et al., 1997) was markedly decreased in
SENP1−/− B and T cells compared with wild-type B and T cells, respectively (Figure 4A,
third panel). We also looked at the mRNA expression of STAT5 target genes, including
bcl-2 and pim-1, and found that mRNA levels of bcl-2 and pim-1 in SENP1−/− T cells were
significantly reduced (Figure S4C). These data suggest that deletion of SENP1 results in the
accumulation of SUMOylated STAT5, which alters its transcriptional activity in early B and
T cells.

To further confirm that SUMOylated STAT5 can be regulated by SENP1, we SUMOylated
STAT5 by cotransfecting FLAG-tagged STAT5A or STAT5B with HA-tagged SUMO-2
constructs in COS-1 cells. In the presence of HA-tagged SUMO-2 construct, two major
bands migrating at 115 kDa and 135 kDa were detected (Figures S5A and S5B). In COS-1
cells, PIAS3 greatly enhanced STAT5 SUMOylation in a RING-domain-dependent manner
(Figure S5C). Notably, overexpression of SENP1 completely abrogated SUMOylated
STAT5, while a SENP1 catalytic mutant (C603A mutation) could not deconjugate
SUMOylated STAT5 (Figure 4C). Together, SENP1 plays a critical role in regulating the
SUMOylation state of STAT5 in vivo.

SUMOylation inhibits tyrosine phosphorylation of STAT5
SUMOylation often, but not always, occurs on lysine residues found in the consensus motif
ΨKXE (where Ψ is any large hydrophobic residue, and X is any residue). STAT5 has two
SUMO consensus motifs at lysines 384 and 516, and four high-scoring non-consensus
motifs at lysines 71, 86, 163 and 336 (Figure 5A). We examined the ability of these sites to
be SUMOylated in vivo by introducing single or combined mutations (six lysine-to-arginine
mutations). Compared with SUMOylation of wild-type STAT5, SUMOylation of single
mutants or combined mutants remained unchanged, suggesting that these lysine residues are
not involved in SUMOylation of STAT5 (Figure S6A). Previous studies indicate that
STAT1 is SUMOylated at lysine 703, close to tyrosine 701 (Rogers et al., 2003; Song et al.,
2006; Ungureanu et al., 2003). Indeed, STAT5A contains two lysines at 696 and 700, close
to tyrosine 694 (Figure 5A). These lysine residues of STAT5A/B are well conserved across
species including mouse, rat and human. SUMOylation of single mutants (K696R and
K700R) or double mutant (K696/700R) of STAT5A was drastically reduced (Figure 5B).
These results indicate that lysine residues 696 and 700 are the major sites for SUMOylation
of STAT5A in vivo. Consistently, the major SUMOylation sites in STAT5B were lysine
residues 701 and 705 (Figure S6B).

Since the SUMOylation sites are in close proximity to tyrosine, whose phosphorylation is a
prerequisite for STAT5 activation, we therefore assessed the interplay between STAT5
phosphorylation and SUMOylation. We checked the level of STAT5 phosphorylation in
SENP1−/− B and T cells derived from HSC differentiation in vitro after 7 days of coculture
on OP9 and OP9-DL1 cells in the presence of IL-7 and Flt3L, respectively. Western blot
analysis showed a marked reduction of STAT5 phosphorylation in SENP1−/− B and T cells
(Figure 5C), correlating with an increased SUMOylation (Figure 4A). Notably, the
phosphorylation of STAT5 SUMOylated form could not be detected in SENP1−/− B and T
cells. These results suggest that in the absence of SENP1, SUMOylation inhibits STAT5
phosphorylation and that the accumulation of SUMOylated STAT5 impairs the activation–
inactivation cycle of STAT5 in lymphocytes.

To further address the interplay between STAT5 phosphorylation and SUMOylation, we
introduced a tyrosine to alanine mutation at residue 694 in STAT5A (Y694A mutant) and
examined its SUMOylation. As shown in Figure 5D, SUMOylation of Y694A mutant was
completely abolished as compared to the wild-type STAT5A. In contrast, the constitutively
active form of STAT5A (N642H mutant) is still a good substrate (Figure S6C). These data
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suggest that tyrosine phosphorylation is required for STAT5 SUMOylation, most likely
through regulation of nuclear translocation. To determine the subcellular localization of
SUMOylated STAT5, we first coexpressed FLAG-tagged STAT5A alone or with HA-
tagged SUMO2 and MYC-tagged PIAS3 plasmids in COS-1 cells. Twenty-four hours after
transfection, we prepared nuclear and cytoplasmic fractions of these cells. Equal amounts of
each sample were immunoprecipitated with anti-FLAG antibody followed by Western blot
analysis with indicated antibodies. SUMOylated forms of STAT5 were found predominantly
in the nuclear fraction (Figure S6D). We next examined the subcellular localization of
SUMOylated STAT5 in SENP1-deficient B cells, and also found that SUMOylated STAT5
accumulated in the nucleus (Figure 5E).

SENP1 controls acetylation/SUMOylation status of STAT5
To further understand the effect of SUMOylation on STAT5-mediated transcriptional
activity, we compared wild-type and SUMOylation-deficient STAT5A for their ability to
activate transcription in reporter assays. STAT5-deficient MEF cells stably expressing wild-
type STAT5A and its mutants were transiently transfected with a luciferase reporter pGL4-
β-Casein. Compared with wild-type STAT5A, STAT5A(K700R) exhibited a similar
transactivation activity, suggesting that SUMOylation of STAT5A at lysine 700 did not play
a role in transcription regulation (Figure S7). However, STAT5A(K696R) or
STAT5A(K696-700R) showed a markedly decreased in transactivation activity, raising an
intriguing possibility that lysine 696 may also be subjected to another form of post-
translational modification.

Lysine residues can be targeted by multiple modifications, such as ubiquitination,
SUMOylation, methylation, and acetylation. The carboxyl-terminal transactivation domain
of STAT5 is known to interact with the histone acetyltransferase p300/CBP, resulting in
enhanced STAT5-dependent transcription (Pfitzner et al., 1998). We hypothesized that
lysine 696 is also a target for acetylation. To test this possibility, we first checked whether
STAT5 can be acetylated by p300. Co-expression of p300 in HEK-293 cells significantly
enhances STAT5A acetylation (Figure 6A). Wild-type STAT5A and STAT5A(K700R)
mutant, but not STAT5A(K696R) and STAT5A(K696-700R) mutants, were acetylated,
suggesting that lysine 696 is also a major acetylation site (Figure 6B). Consistent with our
data, a recent study indicates that STAT5B acetylation on lysine residues including lysine
701 (corresponding to lysine 696 on STAT5A) is essential for STAT5B dimerization since
mutation of lysine 701 to arginine impaired STAT5B dimerization and transcriptional
activity (Ma et al., 2010). To further determine the interplay between SUMOylation and
acetylation on a lysine 696/701 of STAT5A/B, we constructed a STAT5A-Ubc9 fusion
protein that is efficiently SUMOylated in an Ubc9-dependent manner (Jakobs et al., 2007).
COS-1 cells were transfected with FLAG-tagged STAT5A-Ubc9 alone or with HA-tagged
SUMO-2 construct. In the presence of HA-tagged SUMO-2, SUMOylation of STAT5A-
Ubc9 was greatly increased (Figure S8). Then, purified STAT5A-Ubc9 and SUMOylated
STAT5A-Ubc9 (SUMO-STAT5A-Ubc9) were incubated with p300 (HAT domain,
Millipore) and acetyl-CoA in vitro. Western blot analysis using an antibody specific for
K701-acetylated STAT5B (corresponding to K696-acetylated STAT5A) revealed that only
the non-SUMOylated form of STAT5A-Ubc9 was acetylated (Figure 6C), demonstrating
that SUMOylation inhibits acetylation through competing the lysine 696 of STAT5A. It is
also possible that SUMOylation of K700 could block the acetylation of K696.

Next, we assessed endogenous STAT5 acetylation in wild-type and SENP1−/− FL cells.
Protein extracts were immunoprecipitated with anti-STAT5 antibody and analyzed by
immunoblotting with the specific K701-acetylated STAT5B antibody. As shown in Figure
6D, endogenous STAT5 was acetylated in both wild-type and SENP1−/− FL cells treated
with IL-7. Notably, STAT5 acetylation in IL7-treated SENP1−/− FL cells was significantly
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decreased compared with that of IL7-treated wild-type FL cells, suggesting that SENP1
regulates the acetylation status of STAT5. To confirm the role of SENP1 in the regulation of
STAT5 acetylation and SUMOylation, HEK-293 cells were transfected with FLAG-tagged
STAT5A, MYC-tagged SUMO3, HA-tagged p300 in the presence of RGS-tagged SENP1 or
RGS-tagged SENP1 mutant plasmids. Overexpression of SENP1 enhanced acetylation and
inhibited SUMOylation of STAT5A (Figure 6E). In contrast, overexpression of SENP1
mutant decreased acetylation and enhanced SUMOylation of STAT5A (Figure 6E). Taken
together, these results demonstrate that SENP1 plays a critical role in regulating the
SUMOylation status of STAT5 and that SUMOylation of STAT5 inhibits its
phosphorylation, acetylation and subsequent signaling.

DISCUSSION
In this study, we discovered that SENP1 controls lymphoid development through regulation
of SUMOylation status of STAT5. Our data revealed that inactivation of SENP1 results in
severe defects in early T and B cell development. We further showed that SENP1 deficiency
causes accumulation of SUMOylated STAT5, resulting in inhibition of STAT5 activation
and subsequent signaling. Moreover, biochemical studies indicated that both acetylation and
SUMOylation occur on the same lysine residue in STAT5. SUMOylation of this lysine in
STAT5 blocks its acetylation. These results suggest a critical role for SENP1 in regulating
STAT5 transcriptional activity. SUMOylation of STAT5 observed in the absence of SENP1
appears to be lymphocyte specific, since no SUMOylated STAT5 could be detected in
SENP1−/− myeloid cells.

Protein function is tightly regulated by reversible posttranslational modifications to create an
on and off state that is crucial for many biological processes. Many proteins are dynamically
modified at multiple sites by different modifications. The interplay between phosphorylation
and SUMOylation of neighboring sites has been shown to play an important role in
regulating the transcriptional activity of several transcription factors. For example, heat-
shock factors (HSFs), GATA-1 and myocyte enhancer factor 2 (MEF2), containing a SUMO
consensus site and an adjacent proline-directed phosphorylation site (ΨKxExxSP), are
regulated by phosphorylation-dependent SUMOylation (Gregoire et al., 2006; Hietakangas
et al., 2003; Hietakangas et al., 2006). The motif ΨKxExxSP couples sequential
phosphorylation and SUMOylation and has been referred to as a “Phospho-SUMOyl switch”
(Yang and Gregoire, 2006). We have identified a previously undescribed motif in which two
SUMOylation sites of STAT5A at lysines 696 and 700 are located in close proximity to
tyrosine 694, whose phosphorylation is a prerequisite for STAT5 activation. This suggests a
possible interplay between SUMOylation and phosphorylation in regulating STAT5 activity.
Indeed, SUMOylation of STAT5 is phosphorylation-dependent, since STAT5
phosphorylation mutant Y694A abolished SUMOylation of STAT5. We also found that
SENP1 deficiency causes increased STAT5 SUMOylation, correlating with diminished
STAT5 phosphorylation and activity in lymphocytes, indicating that SUMOylation of
STAT5 inhibits its phosphorylation and subsequent signaling.

Since lysine can be a target of different posttranslational modifications, SUMOylation can
block alternative lysine-targeted modifications, such as ubiquitination, methylation or
acetylation. It has been reported that transcriptional activity of several transcription factors,
such as SP3, HIC1 and MEF2A can be regulated by interplay between SUMOylation and
acetylation on the same lysine residue (Sapetschnig et al., 2002; Shalizi et al., 2006;
Stankovic-Valentin et al., 2007). In addition to tyrosine phosphorylation, acetylation of
different STATs has been shown to play a critical role in regulating their activity (Kramer et
al., 2009; Shankaranarayanan et al., 2001; Tang et al., 2007; Yuan et al., 2005). For
example, STAT3 acetylation at lysine 685 is essential for its dimerization and transcriptional
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activity (Yuan et al., 2005). Here, our data clearly show that STAT5A is acetylated at lysine
696, which is also a target for SUMOylation. Acetylation of STAT5A at lysine 696 is
essential for STAT5A activation, since mutation of this lysine diminished the transcriptional
activity of STAT5A. Consistent with our finding, a recent study has reported that STAT5B
acetylation on lysine 701 (corresponding to lysine 696 on STAT5A) is essential for
STAT5B dimerization and transcription (Ma et al., 2010). Notably, our data provide direct
evidence that SENP1 regulates the activation of STAT5.

Based on the findings reported here, we propose a model for the role of SENP1 in the
regulation of STAT5 activation (Figure 7). Upon activation, tyrosine-phosphorylated and
acetylated STAT5 dimerizes, translocates to the nucleus, and activates transcription. We
currently do not know which signal induces SUMOylation of STAT5. SENP1 protein,
which is predominantly present in the nucleus (Gong et al., 2000), is required for de-
conjugating SUMOylated STAT5 before it returns to the cytoplasm to complete an
activation-inactivation cycle. In the absence of SENP1, STAT5 is accumulated in the
SUMOylation state, leading to inhibition of STAT5 phosphorylation and acetylation, and
subsequent signaling.

It is not clear why SENP1 deficiency selectively affected the lymphoid, but not the myeloid
lineage. There are several possibilities. First, lymphoid and myeloid precursors utilize
different cytokines during development. For example, IL-7R signaling is critical for early
lymphoid, but not myeloid development (Mazzucchelli and Durum, 2007). Second,
lymphoid cells may have a SUMO-specific E3 ligase that catalyzes SUMOylation of
STAT5. This E3 ligase may not be present in myeloid precursors so STAT5 is not
SUMOylated, which obviates the requirement for SENP1 to remove SUMO.

PIAS (Protein Inhibitor of Activated STAT) proteins were initially identified as negative
regulators of STAT signaling that inhibit the activity of STAT-transcription factors (Chung
et al., 1997; Liu et al., 1998). It has been shown that PIAS proteins function as SUMO-
specific E3 ligases, raising the possibility that STAT activity might be regulated by the
SUMOylation pathway (Schmidt and Muller, 2003). PIAS3 is known to bind to STAT5 and
suppress STAT5-mediated transcription (Rycyzyn and Clevenger, 2002), but the precise
molecular mechanism how PIAS3 negatively regulates STAT5 transcriptional activity is
unknown. Although we also found that SUMOylation of STAT5 is greatly enhanced by
PIAS3 in an overexpression system, further studies will be required to define whether this
SUMO-specific E3 ligase is involved in regulation of STAT5 activity in lymphocytes.

In conclusion, SENP1 is essential for early T and B lymphopoiesis. Our data clearly
demonstrate that SENP1 controls STAT5 activity by regulating the SUMOylation status of
STAT5. Our findings establish a specific role of SENP1 in the regulation of STAT5
activation at the early stages of T and B cells.

EXPERIMENTAL PROCEDURES
Mice

The generation and screening of SENP1−/− fetuses has been described previously (Cheng et
al., 2007). SENP1+/− mice were intercrossed, and E14.5 fetuses (date of plug = E0.5) were
obtained for FL isolation. RAG1−/− mice were obtained from The Jackson Laboratory. All
animal protocols used in this study were approved by the Institutional Animal Care and Use
Committee at The University Texas M. D. Anderson Cancer Center.
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Purification of FL-HSCs
E14.5 fetal liver cells were harvested and treated with red blood cell lysis buffer (Sigma).
Then, cells were stained with anti-c-Kit-APC and anti-Sca-1-PE antibodies, and a mixture of
antibodies to lineage markers: Gr-1, CD11b. TER-119, CD19, CD4 and CD8. FL-HSCs (lin-
c-KithighSca-1high) were sorted using FACSAria cell sorter (BD Biosciences).

B and T cell differentiation in vitro
OP9 and OP9-DL1 stromal cell lines (generous gifts from Dr. Juan Carlos Zúñiga-Pflücker,
University of Toronto, Toronto, Canada) were co-cultured as previously described (Schmitt
and Zuniga-Pflucker, 2002). Briefly, stromal cells were maintained in alpha-MEM (Gibco
BRL) containing 20% FBS (Gibco BRL) and penicillin–streptomycin (Sigma-Aldrich).
Wild-type and SENP1−/− FL-HSCs (1000–3000 cells/well in 24-well plates) were placed on
OP9 and OP9-DL1 monolayers for B and T lineage differentiation, respectively. Co-culture
media contained: alpha-MEM, 10% FBS, 10 mM HEPES (Gibco BRL), 1 mM sodium
pyruvate (Gibco BRL), 2 mM GlutaMax, penicillin–streptomycin, 50 mM 2-
mercaptoethanol, 5 ng/ml IL-7 and 5 ng/ml Flt3L. After 4 days of culture, the cells were
passed onto newly prepared OP9 and OP9-DL1 cells. For myeloid differentiation, wild-type
and SENP1−/− FL-HSCs were placed on OP9 monolayers in the presence of IL3 (10ng/ml),
IL6 (10ng/ml), SCF (50 ng/ml) and Flt3L (50 ng/ml).

Transplantation experiments
Two × 106 fetal liver cells isolated from E14.5 wild-type and SENP1−/− embryos were
injected intravenously into lethally (950 rad) irradiated RAG-1-deficient mice. Mice were
sacrificed 5–6 weeks after transplantation. The lymphoid compartments of the recipients
were analyzed by flow cytometry. The experiments shown in this study represent results
from two independent experiments.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS

• SENP1 is essential for early T and B lymphopoiesis.

• SENP1 regulates the SUMOylation status of STAT5.

• SUMOylation of STAT5 blocks its acetylation and subsequent signaling.

• SENP1 is required for STAT5 signaling during early T and B cell development.
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Figure 1. SENP1 deficiency results in a severe defect in early T cell development
(A) Hematoxylin and eosin staining of thymic sections from E15.5 wild-type (WT) and
SENP1−/− (KO) embryos. Original magnifications 100x (top) and 400x (bottom). The
results shown are a representative of at least four independent experiments.
(B) FL-HSCs (Lin−c-Kit+Sca1+) from wild-type and SENP1−/− embryos at E14.5 were
cocultured on OP9-DL1 stromal cells. After 7 days of coculture, cells were isolated and
analyzed by flow cytometry for T cell markers CD4 and CD8 (top panel). Gated CD4−CD8−
population was further analyzed based on CD44 and CD25 (lower panel). Data shown are
representative of three independent experiments.
(C) Absolute numbers of the indicated subpopulations of thymocytes were calculated based
on flow cytometry (shown in B) and total thymocytes counts, and represented as mean ±
SD; n= 5 each. *, P<0.05; **, P<0.01; n.s. is not significant.
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Figure 2. SENP1 deficiency results in a severe defect in early B cell development
(A) Sorted FL-HSCs from wild-type and SENP1−/− embryos at E14.5 were cocultured on
OP9 stromal cells. After 7 days of coculture, cells were isolated and analyzed by flow
cytometry for B cell markers B220 and CD43 (top panel), CD24 and BP-1 (Gated
CD43+B220+ population, lower panel). Data shown are representative of three independent
experiments.
(B) Absolute number of B cells in each developmental stage was calculated based on flow
cytometry (shown in D) and total cell number, and represented as mean ± SD; n= 5 each. *,
P<0.05; **, P<0.01; n.s. is not significant.
(C-F) Wild-type and SENP1−/− FL-HSCs were cocultured on OP9 stromal cells for 14 days.
B cells were analyzed by flow cytometry using B220 and CD19 antibodies (C), and B220
and IgM antibodies (E), and their absolute cell numbers were calculated and presented as
means ± SD (D end F, respectively); n=5 each. **, P<0.01. Data shown are representative of
three independent experiments.
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Figure 3. SENP1 deficiency impairs T and B cell development in fetal liver transplantation
experiments
(A) Cell counts in lymphoid compartments including thymus, bone marrow, spleen and
lymph node of RAG1−/− mice reconstituted with wild-type and SENP1−/− fetal liver cells.
Total cell number was calculated and represented as mean ± SD; n= 6 each. **, P<0.01.
(B) Flow cytometric analysis for T cell markers including CD4 and CD8 in the thymi of
RAG1−/− mice reconstituted with wild-type and SENP1−/− fetal liver cells. Data shown are
representative of two independent experiments.
(C) Flow cytometric analysis of B cells in bone marrow from RAG1−/− mice reconstituted
with wild-type and SENP1−/− fetal liver cells using B cell markers B220 and CD19 (upper
panel). Gated B220+ cells were further analyzed based on IgM and IgD (lower panel). Data
shown are representative of two independent experiments.
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Figure 4. SENP1 regulates SUMOylation of STAT5
(A) Modified STAT5 accumulated in SENP1−/− B and T cells. Sorted FL-HSCs from wild-
type and SENP1−/− embryos at E14.5 were cocultured on OP9 and OP9-DL1 cells to
differentiate into B and T cells, respectively. After 7 days of coculture, B and T cells were
isolated and lysed in RIPA buffer. The whole cell lysates were analyzed by immunobloting
with anti-STAT5 (top panel), anti-STAT3 (second panel), anti-BCL-2 (third panel), and
anti-β-actin (bottom) antibodies. Wild-type and SENP1−/− myeloid cells derived from HSC
differentiation on OP9 stromal cells for 7 days were used as controls. The results shown are
a representative of at least three independent experiments.
(B) Endogenous STAT5 is SUMOylated by endogenous SUMO2/3 in vivo. B cells isolated
from differentiation of wild-type and SENP1−/− FL-HSCs after 7 days of coculture on OP9
cells were lysed and boiled in denaturing lysis buffer. Cell lysates were aliquoted equally for
performing immunoprecipitation (IP) by control IgG or a mixture of anti-STAT5A and B
antibodies. Bound proteins were detected by immunoblotting (IB) with anti-SUMO2/3 (top
panel), anti-SUMO1 (middle panel) or anti-STAT5 (bottom panel) antibodies. Loading
samples were immunoblotted with anti-STAT5 or anti-β actin antibodies. The results shown
are a representative of at least three independent experiments.
(C) SENP1 de-SUMOylates SUMOylated STAT5 in vivo. COS-1 cells were transfected
with the indicated plasmids. Protein extracts were precipitated with anti-STAT5B antibody
and analyzed with HA (top) and STAT5 (bottom) antibodies. The results shown are a
representative of at least three independent experiments.
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Figure 5. SUMOylation inhibits tyrosine phosphorylation of STAT5
(A) Schematic diagram of full-length murine STAT5 protein structure. STAT5 contains
amino terminal, coiled-coil, DNA binding, linker, SH2, and transcriptional activation
domains. Arrows indicate approximate locations of two putative SUMO consensus motifs at
lysines 384 and 516, and four other non-consensus motifs at lysines 71, 86, 163 and 336.
Two lysine residues 696 and 700 located close to Y694 and Y699 of STAT5A and STAT5B
respectively are underlined.
(B) STAT5A is modified by SUMO at lysine residues 696 and 700. COS-1 cells were
transfected with FLAG-tagged STAT5A and its mutants along with HA-SUMO2 plasmids.
Protein extracts were immunoprecipitated with anti-FLAG and then revealed by Western
blot analysis with antibodies to anti-HA (top) and anti-FLAG (bottom). The results shown
are representative of at least three independent experiments.
(C) Tyrosine phosphorylation of STAT5 is diminished in SENP1−/− B and T cells. Sorted
FL-HSCs from wild-type and SENP1−/− embryos at E14.5 were cocultured on OP9 and
OP9-DL1 cells in the presence of IL-7 and Flt3L to differentiate into B and T cells,
respectively. After 7 days of coculture, B and T cells were isolated and lysed in RIPA
buffer. The whole cell lysates (prepared and analyzed in Fig. 4A) were further analyzed by
immunobloting with anti-P-STAT5 (top panel) and anti-β-actin (bottom) antibodies. The
results shown are a representative of at least three independent experiments.
(D) Phosphorylation is required for STAT5 SUMOylation. COS-1 cells were transfected
with FLAG-tagged wild-type STAT5A, or STAT5A phosphorylation mutant Y694A
(mutation of tyrosine 694 to alanine), and HA-tagged SUMO-2 plasmids. Twenty four hours
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after transfection, cellular protein extracts were immunoprecipitated with anti-FLAG
antibody followed by Western blot analysis with anti-HA (top panel) or anti-FLAG
antibodies (second panel). Cell lysates were analyzed by immunoblotting with anti-HA
antibody (bottom panel). The results are a representative of at least three independent
experiments.
(E) SUMOylated forms of STAT5 were localized in the nucleus. Cytoplasmic (Cyt) and
nuclear (Nuc) fractions from wild-type and SENP1−/− B cells harvested from OP9 coculture
at day 7 were prepared, followed by Western blot analysis with anti- STAT5 antibody (top
panel), and fraction purity was determined using antibodies against GAPDH (cytoplasmic,
second panel) and Lamin B (nuclear, bottom panel).
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Figure 6. SENP1 regulates acetylation/SUMOylation status of STAT5
(A) STAT5A is acetylated by p300. HEK-293 cells (in 6-well plate) were transfected with
indicated FLAG-tagged STAT5A and HA-tagged p300 plasmids. Immunoprecipitation was
performed with anti-FLAG and analyzed with anti-acetyl lysine (top panel) and anti-FLAG
(second panel) antibodies. The results are a representative of at least three independent
experiments.
(B) Lysine 696 is also a target for acetylation. Lysates from HEK-293 cells transfected with
plasmids expressing FLAG-tagged STAT5A or SUMOylation-deficient mutants of
STAT5A and HA-p300 were immunoprecipitated with anti-FLAG and analyzed with the
indicated antibodies. The results are representatives of at least three independent
experiments.
(C) SUMOylation of STAT5 inhibits its acetylation. COS-1 cells were transfected with the
plasmids expressing FLAG-tagged STAT5A-Ubc9 alone or with HA-tagged SUMO-2.
Twenty four to thirty six hours after transfection, cellular protein extracts were
immunoprecipitated with anti-FLAG antibody. In vitro acetylation assay using purified
STAT5A-Ubc9 and SUMO-STAT5A-Ubc9 was done in the absence or the presence of
p300, followed by Western blot analysis with antibodies against K701-acetylated STAT5B
(corresponding to K696-acetylated STAT5A) (top panel) and HA (second panel). Cellular
extracts were analyzed by immunoblotting with anti-FLAG (third panel) and anti-HA
(bottom panel) antibodies. The results are representatives of at least three independent
experiments.
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(D) Endogenous STAT5 is acetylated in FL cells treated with IL-7. FL cells isolated from
three to five E14.5 wild-type and SENP1−/− embryos were treated with IL-7 for 10 min and
lysed in RIPA buffer. Cellular extracts were immunoprecipitated with anti-STAT5 antibody
and analyzed with anti-aK701-STAT5B (top panel) and anti-STAT5 (second panel)
antibodies. Loading samples were immunoblotted with anti-β actin antibody. The results
shown are a representative of three independent experiments.
(E) SENP1 regulates the SUMOylation/acetylation status of STAT5. Lysates from HEK-293
Cells (in 6-well plate) transfected with plasmids expressing FLAG-tagged STAT5A, MYC-
tagged SUMO3, HA-tagged p300 and RGS-tagged SENP1w (wild-type) or RGS-tagged
SENP1m (mutant) were immunoprecipitated with anti-FLAG and analyzed with anti-acetyl
lysine (top panel), anti-SUMO2/3 (second panel) and anti-FLAG (third panel) antibodies.
The input was immunoblotted with anti-RGS, anti-Myc and anti-HA antibodies. The results
shown are a representative of at least three independent experiments.
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Figure 7. A model for the role of SENP1 in the regulation of STAT5 activation
Upon activation, phosphorylated and acetylated STAT5 dimerizes, translocates to the
nucleus, and activates transcription. SUMOylation switches STAT5 from an active state to
an inactive state. SENP1 is required to remove SUMO from conjugated STAT5, allowing it
to re-enter the activation-inactivation cycle. Where * is lysine 696/701 in STAT5A/B; A is
acetylation; P is phosphorylation.
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