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Abstract

STATS and IL-7 signaling are thought to control B-lymphopoiesis by regulating key transcription
factor genes and activating Vi gene segments at the Igh locus. Using conditional mutagenesis, we
demonstrate that transgenic Bcl2 expression rescued the development of Stat5-deleted pro-B cells
by compensating for the loss of Mcl-1. Ebfl and Pax5 expression as well as Vi gene recombination
were normal in Bcl2-rescued pro-B cells lacking STATS or IL-7Ra. In agreement with this finding,
STATS5-expressing pro-B cells contained little or no active chromatin at most Vi genes. In contrast,
Igk rearrangements were increased in STAT5-or IL-7Ra-deficient pro-B cells. Hence, STAT5 and
IL-7 signaling control cell survival and the developmental ordering of immunoglobulin gene
rearrangements by suppressing premature Igk recombination in pro-B cells.
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Introduction

Interleukin-7 (IL-7) is a nonredundant cytokine for T and B cell development? and transmits
its signal through the IL-7 receptor (IL-7R) consisting of the common y chain (yc) chain and
the IL-7Ra subunit (encoded by the 117r gene). T-lymphopoiesis is strongly reduced in the
thymus, and B-cell development is stringently arrested at the uncommitted pre-pro-B cell stage
in the bone marrow of 117r/~ mice? 3. Transgenic expression of the anti-apoptotic Bcl-2
protein efficiently rescues T-lymphopoiesis* 5, but not B-cell development in 117r/~ mice®:
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6, which indicates an important role of IL-7R signaling in controlling T-cell survival and early
B-lymphopoiesis.

IL-7R signaling stimulates the Jak-STAT pathway leading to activation of the transcription
factor STATS’. STATS consists of two highly related isoforms, STAT5A and STAT5B, which
are encoded by separate genes and fulfill largely redundant roles within the lymphoid
system’. Different strategies have been used for simultaneous inactivation of the two closely
linked Stat5a and Stat5b genes. Teglund et al.8 disrupted the first protein-coding exons of
Statba and Stat5h, which still results in expression of N-terminally truncated and partially
functional STATS proteins (Stat54N allele)® 10, Consequently, T and B cell development is
minimally affected in Stat54N4N micell: 12, The subsequent generation of a conditional
Stat5 allele (Stat5™) containing Stat5a and Stat5b between loxP sites facilitated Cre-mediated
deletion of both genes (Stat5™ allele)13. Complete Stat5 inactivation causes perinatal lethality,
severely reduced development of B and of3 T cells as well as the absence of y5 T-lymphocytes
in Stat5~/~ mice® 19, Similar to 117r/~ mice3, B-cell development is arrested at the
uncommitted pre-pro-B cell stage in the bone marrow of Stat5~/~ mice®: 0.

An instructive role of STATS5 in B-lymphopoiesis was suggested based on the partial rescue
of B-cell development in 117r~/~ mice by a transgene expressing a constitutively active form
of STAT5B!. STATS has furthermore been implicated in the regulation of the B-cell
commitment gene Pax5 by binding to its promoter region!® 16, STAT5-mediated IL-7
signaling is also thought to activate expression of the B-cell specification factor EBF1 in
common lymphoid progenitors (CLPs) and pre-pro-B cells3: 17: 18 Finally, IL-7 is sufficient
to promote in vitro differentiation of wild-type CLPs to committed pro-B cells?. These data
together with the inability of transgenic Bcl-2 expression to rescue B-lymphopoiesis in
117r~~ mice® 6 suggest that IL-7 signaling fulfills an instructive role in early B-cell
development by STAT5-mediated activation of the B-cell regulatory genes Ebfl and Paxb5.

STATS5 and IL-7R signaling have also been implicated in controlling the chromatin
accessibility of the immunoglobulin heavy-chain (Igh) gene in pro-B cells. The Igh locus
consists of a 2.5 megabase (Mb) cluster of 195 variable (V) gene segments and a proximal 0.27
Mb region containing the diversity (D), joining (J) and constant (C) gene segments®. At the
onset of B-cell development, the Igh locus is thought to undergo stepwise chromatin activation,
whereby IL-7 signaling is reportedly responsible for activation of the large distal V3J558 gene
family20: 21, Consistent with this model, germline transcription and recombination of distal
Vy genes are strongly impaired, whereas proximal Vy genes undergo normal germline
transcription and rearrangements in B-cell progenitors of 117r/~ and Stat54N/4N mice22 23,
Hence, these data further support an instructive role for STAT5 and IL-7R signaling in early
B-cell development.

Here we have investigated the cell intrinsic role of STAT5 in B-lymphopoiesis by conditional
mutagenesis in adult mice. The B-cell developmental effect of STAT5 deficiency was
previously studied in the fetal liver of Stat5~/~ embryos or bone marrow of the rare growth-
retarded Stat5~/~ survivors® 10, whose hematopoietic stem cells (HSCs) were severely
impaired in their function®. As the Rag1 gene is not expressed in HSCs, but is subsequently
activated in early lymphoid progenitors (ELPs)24, we used a Rag1°"® knock-in allele2® for Cre-
mediated deletion of Stat5 specifically at the onset of lymphopoiesis. Contrary to previous
reports, our conditional mutagenesis data demonstrate that STAT5 and IL-7R signaling are not
involved in the regulation of Ebfl and Pax5 or in the chromatin activation and Vy-DJy
recombination of distal VJ558 genes. Instead, the primary role of IL-7-mediated STAT5S
activation during pro-B cell development is to maintain cell survival by activating the anti-
apoptotic gene Mcll and to prevent premature Igk gene rearrangements by binding to the
intronic iEx enhancer.

Nat Immunol. Author manuscript; available in PMC 2010 October 17.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Malin et al. Page 3

RESULTS

STATS promotes pro-B cell development by controlling cell survival

To determine the activity of the Rag1°™ allele in early hematopoiesis, we used a Cre reporter
gene?® to show that Rag1-Cre-mediated deletion was initiated in 18% of multipotent
progenitors (LSK cells) and was completed in all bone marrow pro-B cells and thymic pro-T
(DN1/2) cells (Supplementary Fig. 1 online). As the Rag1°'® allele deletes the floxed Stat5
allele not only in B-cells but also in all T-cells, Rag1°"®* Stat5"/f mice became autoimmune
within 2 weeks after birth and died at the age of 2-3 months due to autoimmune pathologies
that are likely caused by the dramatic reduction of Treg cell numbers2’ (Supplementary Fig.
2). Consequently, we first examined the B-cell phenotype caused by conditional Stat5
inactivation under non-autoimmune conditions. Fetal liver pro-B cells (c-Kit*CD19*IgM™)
and pre-B cells (CD2*CD19*IgM") were reduced 10-15 fold in Rag1¢®/* Stat5"/f compared
to Stat5™"/f embryos at day 18.5 (Supplementary Fig. 3a). Moreover, the bone marrow of T-
cell-deficient Rag1°re/cre Stat51/f mice contained similar amounts of CLPs, but 7-fold reduced
numbers of pro-B cells compared to Stat5™/f mice, indicating that the loss of STATS5 interferes
with the differentiation of CLPs to committed pro-B cells (Supplementary Fig. 3b).

Pro-B, pre-B and total B cell numbers were similarly reduced in the bone marrow of
Rag1¢r®*+ Stat5M/f mice compared to Stat51/fl mice (Fig. 1a-c). Deletion of the floxed Stat5
allele in the few residual pro-B cells of Rag1¢®/* Stat5"/fl mice indicated that STATS5 is not
absolutely required for pro-B cell development (Fig. 1d). Importantly, transgenic Bcl-2
expression efficiently rescued pro-B cell development (Fig. 1a,b) despite complete Stat5
deletion and STATS protein loss (Fig. 1d,e) in Vav-bcl2 Rag1¢®*+ Stat5M/f mice. Hence, the
pro-survival protein Bcl-2 can compensate for STATS deficiency in pro-B cell development.
In contrast, pre-B cells and total B-cells were only minimally increased in Vav-bcl2
Rag1¢r®*+ Stat5M/f mice (Fig. 1a,b). Interestingly, no cell expansion was observed during the
development of pro-B to pre-B cells in Vav-bcl2 Rag1¢re/* Stat51/fl mice (Fig. 1c) consistent
with a decrease of larger, blasting pro-B cells (Fig. 1e). Hence, STATS5 is an essential mediator
of the collaboration between I1L-7 and pre-BCR signaling?® during this developmental
transition.

The Bcl-2-mediated rescue of STAT5-deficient pro-B cells begged the question whether the
STATS protein was already lost at the preceding pre-pro-B cell stage in Vav-bcl2 Rag1°¢"¢/+
Stat5'/fl mice. Indeed, the floxed Stat5 allele was efficiently deleted, and the Stat5a mRNA
was ~20-fold reduced in sorted pre-pro-B cells (Kit"B220*CD19 DX5 Ly6C") of Vav-bcl2
Rag1¢re/* Stat51/fl compared to control mice (Supplementary Fig. 4). Moreover, intracellular
staining of STATS5 protein revealed the same background fluorescence for pre-pro-B and pro-
B cells of Vav-bcl2 Rag1¢"®/*+ Stat5f/fl mice, indicating that the pre-pro-B cells contained little
or no STATS5 protein similar to the pro-B cells of these mice (Supplementary Fig. 5).

We next investigated whether the transcription factor EBF1 could rescue the STAT5
deficiency, as suggested by published data3 17 18, An Ikzf1EPf transgene, that expresses
Ebf1 under the control of the pan-hematopoietic Ikzfl (Ikaros) locus (Supplementary Fig. 6a-
d), rescued pro-B cell development in Ebf1~~ mice (Supplementary Fig. 6€), but could only
partially restore the generation of Stat5-deficient pro-B cells in Rag1¢"®/* Stat5™/f [kzf1Ebf
mice (Supplementary Fig. 7). Together, these data demonstrate that STATS5 fulfills a
permissive rather than instructive role in pro-B cell development.

Normal development of mature B-cell types in the absence of STAT5

STATS5 was shown by gain-of-function experiments to control the differentiation and self-
renewal potential of human memory B-cells?®. To verify these findings by loss-of-function
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analysis in the mouse, we used the Cd23-cre and Aicda-cre lines2® to inactivate the floxed
Stat5 allele in splenic B cells. Despite efficient Stat5 deletion, the mature
(IgD"IgMIoCD19%), follicular (FO; CD21iMCD23M) and marginal zone (MZ;
CD21MCD23!0) B-cells were equally abundant in Cd23-cre Stat5™/f compared to control
Stat5'/fl mice, (Fig. 2a,e). Likewise, similar numbers of germinal center (GC) B-cells
(B220*Fas*) were generated in the spleen of immunized Aicda-cre Stat5/fl and control
Stat5'/fl mice (Fig. 2b,c). NP-specific IgG1* memory B-cells
(Lin"CD38"B220*CD19*1gG1*NP*) with complete Stat5 inactivation were also found in the
spleen of Cd23-cre Stat5%/fl mice eight weeks after immunization with NP-KLH (Fig. 2d,e and
Supplementary Fig. 8). Finally, similar titers of anti-NP-1gG1 antibodies were detected in the
sera of Cd23-cre Stat5/f and control Stat5™/ mice 2 and 4 weeks after NP-KLH immunization
as well as 2 weeks after NP-KLH boosting of the memory B-cell response (Fig. 2f). Together,
these data indicate that STATS is dispensable for late B-lymphopoiesis, memory B-cell
formation and plasma cell differentiation.

Development of committed pro-B cells in the absence of IL-7 sighaling

As STATS is a downstream mediator of 1L-7 signaling’, we next determined the role of the
IL-7R in controlling pro-B cell development. Consistent with published reports?: 3, the pro-B,
pre-B and total B cells were drastically reduced in the bone marrow of adult 117r~/~ mice
(Supplementary Fig. 9a). Importantly, the bone marrow from the two hind legs (femur and
tibia) of 4-6-week-old 117r~/~ mice contained on average 5,000 committed c-
Kit"*CD19"IgM™ pro-B cells, indicating that IL-7R signaling is not strictly required for the
formation of committed pro-B cells (Supplementary Fig. 9a). Transgenic Bcl-2 expression
resulted in a 5-10-fold increase of pro-B, pre-B and total B cells in Vav-bcl2 117r/~ mice
(Supplementary Fig. 9a). Moreover, the majority of the Bcl-2-rescued 117r~/~ pro-B cells were
small in size and thus failed to proliferate (Supplementary Fig. 9b). Hence, the development
of committed pro-B cells was only partially rescued by transgenic Bcl-2 expression in Vav-
bel2 117r~~ mice in contrast to its efficient rescue in Vav-bcl2 Rag1¢r¢/* Stat5™1/fl mice.

STATS5- and IL-7R-dependent gene regulation in pro-B cells

The Bcl-2-mediated rescue of STAT5- and IL-7Ra-deficient pro-B cells provided the unique
opportunity to FACS-sort sufficient pro-B cells (Supplementary Fig. 10) for investigating the
transcriptional role of STAT5 and IL-7R signaling in early B-cell development.
Semiquantitative RT-PCR analysis demonstrated that the transcription factor genes Paxb5,
Ebfl and Tcfe2a (E2A) were similarly expressed in sorted bone marrow pro-B cells of Vav-
bcl2 Rag1¢r®/* Stat5™/fl and control Vav-bcl2 Stat5™ mice (Fig. 3a,c). Similar results were
obtained with bone marrow pro-B cells of Vav-bcl2 117r~~ and Vav-bcl2 117r*/* mice (Fig.
3b) as well as with the rare pro-B cells isolated from the fetal liver of Stat5/~embryos at day
18.5 (Supplementary Fig. 11). As all three transcription factors are essential for early B-
lymphopoiesis, their normal expression in Stat5 and I17r mutant pro-B cells further supports
a permissive rather than instructive role for STAT5 and IL-7R signaling in pro-B cell
development.

Expression of the pro-survival gene Bcl211 (encoding Bcl-xL) was unaffected by the loss of
STATS5 or IL-7Ra (Fig. 3a,b). In contrast, transcripts of the Mcl1 gene were 8-fold reduced
and the Mcl-1 protein was undetectable in pro-B cells of Vav-bcl2 Rag1¢"®/+ Stat5™/fl mice
compared to Vav-bcl2 Stat5"f mice (Fig. 3c,d), suggesting that STATS mediates the survival
of pro-B cells by activating the Mcl1 gene. As pro-B cells are still generated in the bone marrow
of Cd19-cre Mcl1/fl mouse30, we examine the role of Mcl1 in Rag1¢re/* Mcl1/fl mice. These
mice entirely failed to produce pro-B, pre-B and B cells in their bone marrow (Fig. 3e and
Supplementary Fig. 12). In contrast, pro-B cells were normally generated in Rag1¢re/*
Bel211 mice despite efficient Bcl2l1 deletion, whereas pre-B cells were strongly reduced,
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thus indicating a critical function for Bcl-xL in pre-B cells and later stages of B-cell
development (Fig. 3e and Supplementary Fig. 12). Together these data demonstrate that
STATS controls the survival of pro-B cells by regulating the Mcl1 but not the Bcl2I1 gene.

Normal Igh recombination in pro-B cells lacking STAT5 or IL-7Ra

We next investigated the role of STAT5 and IL-7R signaling in controlling distal V4-DJy
recombination of the Igh locus by semiquantitative PCR detection and quantification of the
different Igh rearrangements in FACS-sorted pro-B cells (c-Kit*CD19*IgM™) from Vav-bcl2
Rag1¢e/* Stat51/f vav-bcl2 117r~/~, control wild-type and Vav-bcl2 mice (Fig. 4a,b and
Supplementary Fig. 13). As expected?%: 22: 23 we observed no or only a minor (~2-fold)
difference in the frequency of Dy-Jy and proximal V37183-DJy rearrangements in Vav-bcl2
Rag1¢re/* Stat5M/f and Vav-hcl2 117r~/~ pro-B cells compared to wild-type and Vav-hcl2 pro-
B cells (Fig. 4a,b and Supplementary Fig. 13). Surprisingly however, we could not detect a
significant difference in the frequency of distal V3J558-DJy rearrangements between STAT5-
deficient, 117r mutant and control pro-B cells (Fig. 4a,b and Supplementary Fig. 13). RT-PCR
analysis confirmed this result as rearranged V47183-DJC,, and V1J558-DJ,, transcripts were
expressed at similar levels in Vav-bcl2 Rag1¢7¢/* Stat5f/fl and Vav-bcl2 117r/~ pro-B cells
compared to control Vav-bcl2 pro-B cells (Fig. 4c). Moreover, germline transcripts (GLT) of
the distal V3J558 genes were also expressed in pro-B cells of the different genotypes (Fig. 4c).
In contrast, Bertolino et al.23 reported a 5-fold reduction of distal V4J558-DJy rearrangements
in B220*IgM~ bone marrow B-lymphocytes (pro-B and pre-B cells) of Stat54N/4N mice8 and
a 10-fold reduction of V3J558 germline transcripts in cultured Stat54N/4N pro-B cells compared
to wild-type control cells. However, our own analysis of ex vivo sorted pro-B cells from the
bone marrow of Stat54N4N mice failed to demonstrate any effect of the N-terminally truncated
(AN) STAT5A and STATS5 proteins on V3J558 germline transcription, V3J558-DJy
recombination and expression of rearranged V;J558-DJ,, transcripts (Supplementary Fig. 14;
see legend for detailed explanation of the discrepancy). We therefore conclude that neither
STATS nor IL-7R signaling play a critically important role in controlling Vy-DJy
recombination at the Igh locus.

Absence of detectable active chromatin at most Vy genes in Rag2~/~ pro-B cells

STATS and IL-7 signaling have previously been implicated in controlling the accessibility of
distal Vi genes to the recombination machinery by promoting histone acetylation20: 21, 23 Wwe
therefore studied this aspect of STAT5 and IL-7 signaling by determining whether the distal
Vy genes contain active chromatin in IL-7-treated pro-B cells. As chromatin activation of the
distal V genes is thought to precede V(D)J recombination2%: 21, we used Rag2~~ pro-B cells
for high-resolution ChlP-chip mapping of active histone modifications along the Igh locus. To
this end, bone marrow pro-B cells from Rag2~/~ mice were expanded for only 5 days in the
presence of IL-7 and OP9 stromal cells prior to chromatin immunoprecipitation (ChlIP) with
antibodies that recognized acetylated lysine 9 (H3K9ac), dimethylated lysine 4 (H3K4me2) or
trimethylated lysine 4 (H3K4me3) on histone H3. The precipitated DNA was subjected to
either T7-based linear amplification3! or whole genome amplification (WGA)32 prior to
fluorescent labeling and hybridization together with the input DNA probe onto a high-density
50-mer oligonucleotide array containing the non-repetitive sequences of the Igh locus (Fig.
5a). Probes prepared with the two different protocols gave rise to similar results as shown in
Fig. 5 (linear amplification) and Supplementary Fig. 15 (WGA amplification). The three active
histone marks H3K9ac, H3K4me2 and H3K4me3 were strongly enriched in a region centered
on the intronic Ep enhancer and extending from the DQ52 element to the C,, gene (Fig. 5b and
Supplementary Fig. 15b). Active histone modifications were absent throughout the central
Dy region and at all proximal V47183 and VQ52 genes in Rag2~/~ pro-B cells (Fig. 5b,c and
Supplementary Fig. 15b,c), as published?%: 21, 33_ Surprisingly however, we detected no or
only very low enrichment of active histone marks at distal V3J558 genes despite the fact that
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the Rag2 '~ pro-B cells had been stimulated with IL-7 for 5 days (Fig. 5d and Supplementary
Fig. 15d). In contrast, the distal V43609 genes, which are interspersed with the V4J558 genes,
carried relatively high levels of active H3K9ac and H3K4me2 marks (Fig. 5e and
Supplementary Fig. 15e), although the H3K4me3 modification was barely detectable in
contrast to its abundance at promoters of other expressed B-cell-specific genes®! such as the
Ikzf1 gene (Fig. 5f and Supplementary Fig. 15f).

Systematic peak-finder analysis demonstrated that Rag2 '~ pro-B cells carried active H3K9ac
marks at 10 V43609 genes and H3K4me2 modifications at all 12 V33609 genes present on
the microarray hybridized with linearly amplified probes (Fig. 6a). Except for 2 V{SM7 genes,
no significant peaks of active histone modifications could be detected at all other V genes
including the large VJ558 gene family (Fig. 6a). A similar picture was obtained with the
microarray hybridized with WGA-amplified probes. The H3K4me2 marks were present at 14
of 16 V13609 genes, all 4 V4SM7 genes, 3 VHGAM genes and only at 10 of 86 VJ558 genes,
whereas significant peaks of H3K9ac could be detected only at 4 V43609 genes (Fig. 6b). In
summary, we conclude that IL-7-stimulated Rag2~/~ pro-B cells lack active histone
modifications at most V' genes including the large V3J558 gene family with the notable
exception of the V{3609 and VHSM7 genes. Importantly, ChIP-chip analysis also revealed a
similar chromatin profile of the Igh locus in wild-type pro-B cells undergoing Igh
rearrangements (Supplementary Fig. 16). Hence, the Vy gene cluster of the rearranging Igh
locus is characterized by a distinct chromatin structure that differs from that of other expressed
B-cell-specific genes.

Increased Igk recombination in pro-B cells lacking STATS or IL-7Ra

As pro-B cells undergo differentiation and Igk recombination upon IL-7 withdrawal34, 35, we
tested the hypothesis that STATS and IL-7R signaling may repress Igk gene rearrangements
at the pro-B cell stage. PCR analysis and quantification of gk rearrangements revealed that
V,~J,. recombination involving the downstream J,.4 and J, .5 elements was 5-6-fold increased
in FACS-sorted pro-B cells from Vav-bcl2 Rag1¢e/* Stat57/fl mice compared to wild-type mice
(Fig. 7a). Increased Igk recombination likely resulted in secondary rearrangements, which
could explain the preferential usage of downstream J,. elements in Bcl-2-rescued STAT5-
deficient pro-B cells (Fig. 7a). Consistent with enhanced Igk recombination, RT-PCR analysis
revealed a ~10-fold increase of rearranged V,~-JC,. transcripts in sorted pro-B cells of Vav-bcl2
Rag1°¢e/* Stat5™/f mice compared to control Vav-bcl2 pro-B cells (Fig. 7b). The proximal and
distal k° germline transcripts (GLT) were also 5- to 20-fold induced in STAT5-deficient pro-
B cells (Fig. 7b) and reached the expression level of wild-type pre-B cells (Fig. 7c). In addition
to the V,~JC, transcripts, rearranged V; 1-JC, mRNA were strongly increased in pro-B cells
of Vav-bcl2 Rag1¢re/* Stat5™/fl as well as Vav-bcl2 117r~~ mice (Fig. 7b), indicating that Igk
and Igl rearrangements or transcription were similarly activated in Bcl-2-rescued pro-B cells
lacking STATS or IL-7Ra. Importantly, the pro-B cells of Vav-bcl2 Rag1¢®/* Stat5™/f mice
expressed the ‘pro-B cell-specific’ genes Vprebl, Iglll (A5), Dntt (TdT) and Lefl (Fig. 7c¢) and
exhibited the same cell surface phenotype (c-Kit*CD19*CD25-CD2 MHCII™) as wild-type
pro-B cells (Supplementary Fig. 17). Hence, the STAT5-deficient pro-B cells did not acquire
pre-B cell characteristics other than increased IgL gene recombination and expression,
indicating that STATS5 deficiency alone does not promote the progression from pro-B to pre-
B cells. Moreover, ChIP analysis of IL-7-stimulated wild-type pro-B cells demonstrated that
STATS specifically interacted with the 3’ region of the intronic iEx enhancer among all Igk
regulatory elements tested (Supplementary Fig. 18) in agreement with recently published data
obtained with 1rf4~~ Irf8~/~ pre-B cells38. In summary, our loss-of-function data identified a
critical role for STAT5 and IL-7R signaling in suppressing premature Igk and Igl recombination
in pro-B cells.

Nat Immunol. Author manuscript; available in PMC 2010 October 17.
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DISCUSSION

STATS5 and IL-7 signaling have been considered to control early B-cell development in an
instructive manner by regulating the B-cell-specific transcription factor genes Ebfl and Pax5
(ref. 3: 16, 17y and by controlling distal Vi-DJy recombination at the Igh locus?%-23. Here we
have reached a different conclusion, as conditional mutagenesis and transgenic Bcl-2 rescue
experiments revealed a critical role for STAT5 and IL-7 signaling in controlling cell survival
and repressing premature Igk recombination during pro-B cell development.

Cell survival control is known to be a primary function of IL-7R signaling in T-cell
development?: 5. In contrast, the development of pro-B cells (defined as
CD43*HSA*B220*IgM cells) is apparently not rescued by transgenic Bcl-2 expression in
117r~~ mice®, contributing to the notion of instructive IL-7R signaling in pro-B cell
development. We observed, however, a partial rescue of committed pro-B cells (defined as c-
Kit*CD19*IgM™ cells) in Vav-bcl2 117r/~ mice, indicating that Bcl-2 expression can substitute
for the survival, but not the proliferation function of IL-7R signaling in early B-lymphopoiesis.
Moreover, transgenic Bcl-2 expression efficiently rescued pro-B cell development in Vav-bcl2
Rag1¢r®*+ Stat5M/f mice, demonstrating that STATS mediates the survival function of IL-7
signaling at the onset of B-lymphopoiesis.

The pro-B to pre-B cell transition requires pre-BCR signaling, which also modulates IL-7
responsiveness via an ERK/MAP kinase-dependent pathway to facilitate selective cell
expansion under low IL-7 conditions?®: 37, The absence of this cell expansion in Vav-bcl2
Rag1°"®*+ Stat5M/f mice suggests that IL-7R signaling critically depends on STATS5 for its
collaboration with the pre-BCR. STATS5 may thereby synergize with pre-BCR signaling by
promoting the proliferation and/or survival of pre-BCR™ cells. STAT5 has also been implicated
in late B-cell development, as retroviral expression of a constitutive active form of STAT5B
induces the proliferation and differentiation of human tonsillar B-cells to memory B-cells2®,
Contrary to these in vitro gain-of-function studies, our conditional Stat5 inactivation
experiments demonstrate that STATS is not essential for the in vivo generation of functional
memory B-cells or other mature B cell types.

STATS directly regulates the pro-survival gene Bcl211 (Bcl-xL) in erythroid cells in response
to erythropoietin signaling38 and in myeloid cells upon GM-CSF stimulation3?. Bcl2I1 is,
however, not an activated STATS5 target gene in early B-cell development, as it is normally
expressed in Bel-2-rescued STATS5- and IL-7Ra-deficient pro-B cells. Notably, the Bel-xL
protein is more highly expressed in pre-B cells than in pro-B cells*0. Accordingly, pre-B cells
but not pro-B cells were lost upon conditional inactivation of Bcl211, which demonstrates a
critical survival function for Bcl-xL in pre-B cells as suggested by previous analysis of
Bcl2117"~ mice®L. In contrast, the pro-survival protein Mcl-1 was no longer expressed in Bcl-2-
rescued STAT5-deficient pro-B cells, and its conditional loss entirely abrogates pro-B cell
development, indicating that STATS5 mediates its survival function by activating the Mcl1 gene
in pro-B cells.

STATS and IL-7 signaling have also been implicated in the regulation of the B-cell-specific
transcription factor genes Ebf1 and Pax5. Ebf1 can be induced in 117/~ pre-pro-B cells by IL-7
stimulation3 and in BaF/3 progenitor cells by expression of constitutive active STAT5A!8,
suggesting that IL-7 signaling induces B-cell specification in pre-pro-B cells by activating the
Ebf1 gene. However, retroviral expression of Ebfl in 117r/~ HSCs leads to a minimal rescue
of B-cell development3, and STATS5 regulates only indirectly the activity of the Ebf1
promoterl8. Our Bcl-2 rescue experiments demonstrate, however, that neither IL-7R signaling
nor STATS are essential for normal Ebf1 transcription in bone marrow pro-B cells. STAT5 is
also thought to regulate Pax5 by binding to sequences upstream of its distal promoter1®, 16,
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However like Ebf1, Pax5 was also normally expressed in Stat5~/~ fetal liver pro-B cells as well
as in Bcl-2-rescued bone marrow pro-B cells lacking STATS5 or IL-7Ra, consistent with the
fact that we could not detect STATS5 binding to any regulatory element of the Pax5 locus*2.

STATS5 and IL-7 signaling have also been associated with V(D)J recombination of the Tcrg
and Igh loci. 117r~/~ mice and Stat5 7/~ embryos are unable to generate y8 T cells due to a severe
defect in V,-J, recombination® 10, as STATS5 induces chromatin accessibility and germline
transcription at the Tcrg locus by direct binding to the J, promoters®3. A similar role has been
suggested for STAT5 and IL-7R signaling in controlling the chromatin accessibility and
rearrangements of distal Viy genes at the Igh locus2%: 22, 23, |n contrast to these published data,
we could not detect any significant difference in distal V3J558-DJy rearrangements in Bcl-2-
rescued 117r~/~ and Stat54/4 pro-B cells compared to control cells. In an attempt to explain
these discrepancies, we note that Corcoran et al.22 detected similar numbers of pro-B cells in
the bone marrow of wild-type and 117r/~ mice in marked contrast to our study and other
reports? 3. The CD43*B220" ‘pro-B cells’ analyzed by Corcoran et al.22 were likely a mixture
of pro-B cells, recirculating CD43* B1 cells, NK cell progenitors and plasmacytoid dendritic
cells** 45 which could explain the apparent decrease of distal V4J558-DJy recombination in
this impure cell population isolated from 117r/~ mice. As Bertolino et al.23 also observed
decreased germline transcripts and rearrangements of distal V3558 genes in B220*IgM™~ B-
lymphocytes (pro-B and pre-B cells) of Stat54N4N mice, we repeated these experiments to
realize that \V4J558 germline transcription and recombination is normal in Stat54N/4N pro-B
cells similar to Bcl-2-rescued STATS5-deficient pro-B cells. Finally, Chowdhury and Sen20
described a role for IL-7 signaling in controlling the chromatin accessibility of distal Vi genes
in Rag2~~ pro-B cells. Our extensive ChlP-chip analyses revealed, however, no or only very
low levels of the active histone modifications H3K4me2 and H3K9ac at most V4 genes in
IL-7-stimulated Rag2~/~ pro-B cells. Active chromatin was, however, consistently present at
V13609 and VHSM7 genes. As wild-type pro-B cells exhibited a similar H3K4me2 and
H3K9ac modification pattern throughout the Vi gene cluster as Rag2~~ pro-B cells, we
conclude that germline transcription and Vy-DJy recombination can proceed in the absence
of overt chromatin activation of Vi genes. As active chromatin at Vi genes can currently only
be analyzed at the cell population level, our data are also compatible with the remote possibility
that each individual pro-B cell is able to induce active chromatin only at a small random subset
of V genes, which would escape detection in the entire pro-B cell population. In contrast to
the Vi genes, the three active marks H3K9ac, H3K4me2 and H3K4me3 accumulate to high
levels at the intronic Ep enhancer and Jy elements, which suggests the following sequence of
epigenetic events during Igh recombination. The V(D)J recombinase consisting of RAG1 and
RAG?2 is likely tethered to the Jy elements through specific binding of H3K4me3 by the C-
terminal PHD finger of RAG2 (ref. 46) and may act from this proximal location to undergo
synapse formation with Dy and V elements. Following Dy-Jy recombination in B-lymphoid
progenitors, the rearranged Dy element is incorporated into the active chromatin domain at the
Jn-Ep region, which facilitates subsequent VV-DJy recombination upon juxtaposition of Vi
genes by Pax5-dependent contraction of the Igh locus in committed pro-B cells*’. This model
could explain why active chromatin is asymmetrically distributed at the proximal Jy region
but not throughout the V' gene cluster in pro-B cells.

Under physiological conditions, the expression of IL-7Ra is down-regulated in response to
pre-BCR signaling, which renders small pre-B cells unresponsive to IL-7 signals, leading to
the loss of STATS activation3”: 48, Moreover, pro-B cells upon IL-7 withdrawal initiate pre-
B cell differentiation and Igk rearrangements34, 35, Here we have shown that the loss of STATS
and IL-7 signaling is sufficient to increase Igk germline transcription and rearrangements in
Bcl-2-rescued pro-B cells in the absence of further differentiation. As Igk rearrangements can
be detected in only 15% of wild-type pro-B cells*9, the observed 5-6 fold increase in
recombination frequency predicts that almost all Bcl-2-rescued pro-B cells undergo Igk
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recombination in the absence of STATS5. Hence, an important function of STAT5 and IL-7
signaling is the suppression of premature Igk rearrangements in pro-B cells. STAT5 directly
binds to the intronic iEx enhancer in wild-type pro-B cells (this study) and Irf4~/~ Irf8~/~ pre-
B cells®6, where it likely represses the recombination-activating function of the iEx
enhancer®0. Importantly, our genetic in vivo analysis demonstrates a key role for STATS and
IL-7 signaling in suppressing Igk germline transcription as well as recombination in pro-B cells
and thus provides strong complementary evidence to a recently published in vitro study3®,
which describes an inverse correlation between STATS activation and Igk germline
transcription during the developmental transition of Irf4~~ Irf8~/~ large pre-B cells to small
pre-B cells.

Constitutive activation of STATS is associated with human leukemias and myeloproliferative
disorders’. In particular, the presence of activated STATS is a characteristic feature of B-cell
acute lymphophastic leukemia (B-ALL) carrying the BCR-ABL1 chromosomal
translocation’. A critical role of STATS5 in the generation of this B-ALL subset is indicated by
the fact that retroviral BCR-ABL (p185) expression in Stat5~/~ hematopoietic progenitors fails
to induce leukemia in the mousel®. Our study has now provided a molecular explanation
suggesting that the oncogenic function of STAT5 in B-ALL is likely to control the survival of
leukemic B-lymphocytes by activating the Mcl1 gene.

Methods and any associated references are available in the online version of the paper at
http://www.nature.com/natureimmunology/.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Rescue of STAT5-deficient pro-B cells by transgenic Bcl-2 expression

(a-c) Restoration of pro-B cell development by compensation of the STATS deficiency with
transgenic Bcl-2 expression. Flow cytometric analysis (a) and cell counting were used to
determine the absolute cell numbers (b,c) of pro-B (c-Kit*CD19*1gM™), pre-B
(CD25*CD19*IgM") and total B cells (B220*CD19") in the bone marrow of Rag1¢re/*
stat5™/ (grey bar) and Vav-bcl2 Rag1¢e/* Stat5/fl mice (blue bar) compared to control
stat5f/fl (black bar) and Vav-bcl2 Stat5%/fl mice (white bar) at the age of 4-6 weeks. Bone
marrow was isolated from the femur and tibia of the two hind legs. n, number of mice analyzed.
(c) Reanalysis of the absolute numbers of pro-B and pre-B cells (b) revealed the absence of
proliferative cell expansion during the pro-B to pre-B cell transition in Vav-bcl2 Rag1°r¢/*
stat5/fl mice compared to control Stat5%/f mice. (d) PCR genotyping of the floxed (fl) and
deleted (A) Stat5 alleles in sorted pro-B cells from the bone marrow of 4 Rag1°¢"¢/+ Stat5f!/fl
and 3 Vav-bcl2 Rag1¢"e/* Stat5™/fl mice. Genomic Stat5M4 DNA was used as control (C). (e)
Immunoblot analysis of sorted CD19* bone marrow B cells of the indicated genotypes with a
mixture of STAT5A and STATS5B antibodies or a control Hsp90 antibody. (f) Size distribution
of pro-B cells of the indicated genotypes, as determined by their forward scatter (FSC) profile.
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Figure 2. Normal development and immune responses of mature B cells in the absence of STAT5
(a) Normal development of mature (IgDMIgMI°CD19%), follicular (FO; CD21"CD23") and
marginal zone (MZ; CD21MCD23°) B cells in the spleen of nonimmunized Cd23-cre
Stat5'/f mice (grey bar) compared to control Stat51/f! mice (black bar) at the age of 8-10 weeks.
Note that the Cd23-cre line 5 initiates Cre-mediated gene deletion in immature B cells and
results in complete deletion in MZ and FO B cells of the spleen?6. Absolute numbers of the
different B cell types and total B cells (CD19*B220") are shown to the right together with the
number (n) of mice analyzed. (b) Normal GC B cell formation in Aicda-cre Stat5"/fl mice. The
abundance of GC B cells (Fas*B220*) in control Stat5%/fl (back bar) and Aicda-cre Stat5/f!
(grey bar) mice was determined by flow cytometric analysis 15 days after immunization with
sheep red blood cells. n, number of mice analyzed. (c) Efficient deletion of Stat5 in sorted GC
B cells of Aicda-cre Stat5"/f mice 15 days after immunization. Genomic Stat514 DNA was
used as control (C). (d) Presence of memory B cells in the spleen of Cd23-cre Stat5'/fl 8 weeks
after the initial immunization with NP-KLH (100 pg in Alum) and 2 weeks after boosting with
NP-KLH (10 ng in PBS). Memory B cells were identified as
Lin"CD38MB220*CD19*IgG1*NP* cells as shown in Supplementary Fig. 8. (¢) PCR
genotyping of the floxed (fl) and deleted (A) Stat5 alleles in sorted FO and memory B cells
from mice of the indicated genotypes. (f) NP-specific immune responses. Control Stat5f/fl (-)
and Cd23-cre Stat5™f (+) mice were immunized with NP-KLH (100 pg in Alum) and boosted
with NP-KLH (10 pg in PBS) 6 weeks later. After 2, 4 and 8 weeks, the serum titers of NP-
specific antibodies were determined by ELISA using NP3-BSA- or NP3p-BSA-coated plates
for detecting high-affinity or total IgG1 antibodies, respectively. NP-specific 1gG1
concentrations (ug/ml) were determined relative to a standard NP-binding 1gG1 antibody.
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Figure 3. STATS5 controls the survival of pro-B cells by activating the Mcl1 gene

(a,b) Normal expression of B cell transcription factor genes in the absence of STATS5 (a) or
IL-7R signaling (b). Expression of the indicated genes was determined by semiquantitative
RT-PCR analysis using 5-fold serial dilutions of cDNA prepared from FACS-sorted pro-B
cells (Supplementary Fig. 10) of 4-6-week-old mice of the indicated genotypes. Tcfe2a (E2A);
Bcl211 (Bcl-x). (c) Reduced Mcl1 expression in STATS5-deficient pro-B cells. Transcripts of
the indicated genes were analyzed by real-time RT-PCR of cDNA prepared from sorted pro-
B cells of control Vav-bcl2 Stat5%/f (black bar) and Vav-bcl2 Rag1¢re/* Stat5™/f (blue bar)
mice. The transcript levels of control pro-B cells were set to 100%. Statistical significance was
determined by the student’s t test (*, p < 0.05). (d) Loss of Mcl-1 expression in the absence of
STATS. Whole cell extracts of sorted CD19" bone marrow cells from mice of the indicated
genotypes were analyzed by immunoblot analysis with STAT5, Mcl-1 and Hsp90 antibodies.
(e) Distinct functions of Mcl1 and Bcl2I1 in early B cell development. Pro-B and pre-B cells
were analyzed by flow cytometric analysis in the bone marrow of control Bel211/fl (black bar),
Rag1¢e/* Bcl211%/ (grey bar) and Rag1°"¢/+ Mcl1f/fl mice (denoted by 0). Absolute cell
numbers are shown to the right together with the number (n) of mice analyzed. A more
comprehensive FACS analysis is shown in Supplementary Fig. 12.
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Figure 4. Normal Igh gene recombination in pro-B cells lacking STAT5 or IL-7Ra

(a) PCR analysis of Dy-Jy, VH7183-DJy and VJ558-DJy rearrangements in c-
Kit*CD19"IgM™ pro-B cells, which were FACS-sorted from the bone marrow of control
Stat5*/* (black bar) and Vav-bcl2 Rag1¢r¢/* Stat5/fl mice (blue bar) at the age of 4-6 weeks
as described in Supplementary Fig. 10. Input DNA was normalized by PCR amplification of
an Igh Cp fragment. Threefold serial DNA dilutions were analyzed by semiquantitative PCR
and Southern blotting. The radioactive signals of each rearrangement type were quantified for
each DNA dilution by phosphorimager analysis and normalized relative to the corresponding
value of the Cp PCR fragment. For each experiment, the average of the normalized signals
obtained with the three DNA dilutions was determined, and the average value of all experiments
is displayed as a bar graph for each rearrangement type to the right. The average values obtained
with wild-type (Stat5*/*) pro-B cells were set to 1, and the number (n) of independent
experiments is shown. Numbers along the left margin indicate rearrangements to the Jy1,
Ju2 and J3 gene segments. n.a., not applicable. (b) PCR analysis of Igh rearrangements in
sorted pro-B cells from 4-6-week-old 117r*/+ (black bar) and Vav-bcl2 117r~ mice (blue bar)
was performed and evaluated as described in (a). (c) RT-PCR analysis. Expression of the
VJ558 germline transcripts (GLT) as well as the rearranged V7183-DJC,, and V;J558-
DJ, transcripts was analyzed by semiquantitative RT-PCR analysis using 5-fold serial dilutions
of cDNA prepared from FACS-sorted pro-B cells of the indicated genotypes.
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Figure 5. Mapping of active histone modifications along the Igh locus in RagZ_/_ pro-B cells

(a) Structure of the Igh locus indicating the location of variable (Vy), diversity (Dy), joining
(Jn) and constant (C) gene segments together with the intronic (Ep) enhancer, the 5 DNase
| hypersensitive sites (red) and 3’ regulatory region (3’'RR; red). Different colors indicate the
members of distinct Vi gene families, of which the V33558 (black), V43609 (pink), VQ52
(green) and V(47183 (rosa) genes are relevant for this study. The diagram of the Igh locus is
based on the mm8 genome sequence and the published Vi gene assembly1® of the C57BL/6
mouse. (b-f) Mapping of active chromatin marks in the Dy-C,, domain (b) and representative
proximal (c) and distal (d,e) Vi gene regions of the Igh locus as well as at the 5’ end of the
Ikzf1 (Ikaros) gene (f) in Rag2~/~ pro-B cells. Antibodies recognizing acetylated lysine 9
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(H3K9ac), dimethylated lysine 4 (H3K4me2) or trimethylated lysine 4 (H3K4me3) on histone
H3 were used for ChIP-chip analysis3! of Rag2~/~ bone marrow pro-B cells, which were
expanded in vitro for 5 days in the presence of IL-7 and OP9 stromal cells. The ChiP-
precipitated DNA was amplified with the T7-based linear amplification protocol3! prior to
fluorescent labeling and co-hybridization with the input DNA probe onto a high-density 50-
mer oligonucleotide array containing the mouse Igh locus at 100-bp resolution (produced by
NimbleGen Systems). The logarithmic ratio (logy) of the hybridization intensities between
antibody-precipitated and input DNA (bound/input) is shown as a bar for each oligonucleotide
on the microarray. The results shown are representative of two ChIP-chip experiments, which
were performed with independently prepared DNA probes from Rag2~~ pro-B cells. A scale
bar is shown in kb. Supplementary Fig. 15 shows the result of a similar ChIP-chip analysis,
which was performed with DNA probes amplified with the WGA method32. The mms8
sequence coordinates for the displayed regions of the Igh locus on chromosome 12 are
116,520,000-113,586,000 (a), 113,938,000-113,852,500 (b), 114,234,000-114,086,000 (c),
115,441,500-115,087,000 (d) and 115,859,000-115,780,000 (e).
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Figure 6. Distribution of active histone marks along the Vi gene cluster in Ragz_/_ pro-B cells
Peak-finder analysis was used to systematically evaluate the ChIP-chip data, which were
obtained with linearly amplified (a) or WGA-amplified (b) probes as shown in Fig. 5 and
Supplementary Fig. 15, respectively. The number of V genes, which contained a peak of
H3K4me2 (black bar) or H3K9ac (gray bar) above the threshold of the peak-finder analysis,
are shown together with the number of all genes of each Vi gene family that were present on
the microarray. The Vi gene families are arranged according to their position in the Igh locus.
The number of all annotated genes is shown in brackets (b) for each Vi gene family of the
C57BL/6 mousel®.
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Figure 7. STAT5 and IL-7 signaling repress Igk and Igl gene rearrangements in pro-B cells

(a) Increased Igk gene rearrangements in pro-B cells sorted from Vav-bcl2 Rag1¢r¢/+
Stat5™ mice (blue bar) compared to wild-type mice (black bar). V. gene rearrangements to
the J, 1 to J, 5 gene segments (indicated by numbers along the left margin) were analyzed by
semiquantitative PCR of 3-fold serially diluted DNA followed by Southern blot detection. The
radioactive signals corresponding to these rearrangements were quantified by phosphorimager
analysis, normalized to the value of the control Cp PCR fragment and displayed in the bar
graph to the right. The normalized value obtained for each V,-J, rearrangement in wild-type
pro-B cells was set to 1. The quantification of 3 independent experiments is shown. (b) RT-
PCR analysis of Igk transcripts. The expression of rearranged V,-JC,. and V, 1-JC, transcripts
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as well as the two x° germline transcripts (GLT) were analyzed by semiquantitative RT-PCR
using 5-fold serial dilutions of cDNA prepared from FACS-sorted pro-B cells of the indicated
genotypes. The 5” and 3’ k° GLTs are transcribed from distinct promoters (see Supplementary
Fig. 18a) and give rise to 1.1-kb and 0.8-kb spliced transcripts, respectively. (c) Expression of
pro-B cell-specific genes in Bcl-2-rescued STAT5-deficient pro-B cells. FACS-sorted pro-B
cells (c-Kit"CD19*CD2571gM™) and pre-B cells (CD19*CD25*¢c-Kit IgM™) of control
Stat5*/* or Vav-bcl2 Rag1°7¢/* Stat5'1/fl mice were analyzed by semiquantitative RT-PCR for
expression of the “pro-B cell-specific’ genes Vpreb1, Igll1 (A5), Lef1 and Dntt (TdT)*® and the
‘pre-B cell-specific’ 3’ k° GLT.
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