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Abstract

Stage-specific rearrangement of immunoglobulin heavy and light chain genes poses an enigma
because both processes utilize the same recombinational machinery, but the heavy chain locus is
accessible at the pro-B cell stage, while the light chain loci become accessible at the pre-B cell
stage. Transcription factor STATS5 is a positive-acting factor for rearrangement of distal VVh genes
but attenuation of IL7 signaling and loss of activated STAT5 at the pre-B cell stage corresponds
with Igk locus accessibility and rearrangement, suggesting that STAT5 plays an inhibitory role at
this locus. Indeed, loss of IL7 signaling correlates with increased activity at the Igk intron
enhancer. However, the kE3’ enhancer must also be regulated as this enhancer plays a role in Igk
rearrangement. We show here that STAT5 can repress kE3’ enhancer activity. We find that
STATS5 binds to a site that overlaps the kE3” PU.1 binding site. We observed reciprocal binding
by STATS and PU.1 to the kE3’ enhancer in primary bone marrow cells, STAT5 and PU.1
retrovirally transduced pro-B cell lines, or embryonic stem cells induced to differentiate into B
lineage cells. Binding by STATS corresponded with low occupancy of other enhancer binding
proteins, whereas PU.1 binding corresponded with recruitment of IRF4 and E2A to the «E3’
enhancer. We also find that IRF4 expression can over-ride the repressive activity of STAT5. We
propose a novel PU.1/STATS5 displacement model during B cell development, and this, coupled
with increased IRF4 and E2A activity regulates kE3’ enhancer function.

Introduction

Immunoglobulins (Ig) are composed of two polypeptide chains, the heavy chain and the
light chain (either kappa or lambda). Proper expression of 1g heavy and light chain genes
requires a somatic rearrangement process that links together either V, D, and J segments
(heavy chain), or V and J segments (light chain) to produce functional Ig genes (1). The
rearrangement of Ig genes is a highly ordered process in which heavy chains rearrange prior
to light chains at the pro-B cell stage, whereas light chains rearrange at the pre-B cell stage.
The stage-specific rearrangement of heavy and light chain genes poses an enigma because
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both processes utilize the same recombinational machinery. To explain the developmentally
controlled specificity of light chain and heavy chain rearrangement, it has been proposed
that the heavy chain locus is accessible to the recombinational machinery at the pro-B cell
stage, while the light chain loci become accessible or active later at the pre-B cell stage (1,
2).

Developmentally controlled differences in histone H3 and H4 acetylation and methylation
have been observed at the Ig loci and these modifications are believed to be part of the locus
accessibility mechanism (3, 4). At the pro-B cell stage when IgH rearrangement commences,
V4 genes are associated with hyperacetylated histones H3 and H4. Histone acetylation
appears to occur in a stepwise fashion with distal Vi genes requiring 1L-7 signaling for
rearrangement (3, 5). Similarly, there are developmentally associated changes in the histone
acetylation status at the Igk and Igh light chain loci (6). Changes in locus accessibility also
correlate with the expression of transcripts from the Ig germline V, D, J, and constant
regions (7, 8).

The various Ig enhancers are directly involved in the 1g rearrangement processes (9-11). For
instance, deletion of either the Igx intron (Exi) or 3’ (<E3’) enhancers reduces
recombination, and deletion of both enhancers ablates recombination (10, 12). Locus
accessibility is apparently controlled through the function of DNA binding transcription
factors. Positive acting factors such as E2A and NF-xB are believed to play important roles
in positively regulating activity of the Igk intron enhancer, while PU.1, IRF4, and E2A (as
well as other factors) positively regulate the kE3’ enhancer and subsequent Igk
rearrangement (13-17). However, mechanisms must exist that maintain the Igx locus in an
inactive state in pro-B cells when the IgH locus is fully accessible and is actively undergoing
rearrangement. A silencer element (Sis) that lies between the Jk segments and the first Vk
gene (Vk21G) appears to control the frequency of Vk rearrangement, but this element does
not control the developmental timing of Vk rearrangement (18).

Transcription factor STATS has been proposed to be important for rearrangement of distal
VH genes (19). STATS can be recruited to the Vi gene promoters in pro-B cells by physical
interaction with transcription factor Octl (19). STAT5a and STAT5b are closely related
genes involved in mammary gland and hematopoietic development (20-23). Two STATS
knock-out alleles have been generated. A hypomorphic STATS5 knock-out allele leads to
hematopoietic defects, with a preferential deficiency in early pro-B and pre-B cell
development (21, 24). A completely null STATS5 knock-out results in severely impaired
lymphoid development with cells accumulating at the prepro-B cell stage (25). Therefore,
STATS function is clearly crucial for early B cell development, although others have shown
that Bcl-2 can compensate for loss of STATS in knock-out animals to restore IgH
rearrangement to wild-type levels (15).

In pro-B cells, STAT5 is phosphorylated in response to IL7 signaling resulting in dimer
formation and functional activation. At the pre-B cell stage, IL7 signaling diminishes
leading to loss of activated STAT5 coincident with activation of the Igk locus for
rearrangement. STAT5 has been noted to have both activation and repression activities (26—
28), and can recruit co-repressor proteins such as SMRT and HDAC1 to DNA (26-28). An
attractive hypothesis is that STATS5 activates distal Vi gene accessibility at the IgH locus in
pro-B cells, but simultaneously inhibits activity of the Igk locus. Loss of STATS5 in pre-B
cells would then remove this repressive mechanism.

Consistent with the above idea, Johnson et al (14) identified two distinct pathways for
regulating Igk locus rearrangement. First, attenuated IL-7 signaling (i.e., reduced STAT5
activity) in pre-B cells led to increased E2A DNA binding and histone acetylation at the gk
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intron enhancer and subsequent Igk locus recombination (14). Second, transcription factor
IRF4, which is elevated in pre-B cells compared to pro-B cells was able to induce Igk
rearrangement and to stimulate histone acetylation at the Igk 3’ enhancer (13, 14). Similar
results were obtained by Mandal et al (29) who showed that STAT5 inhibited Igk locus
transcription and prevented E2A binding to the Igk intron enhancer. In addition, Malin et al
(15) showed that STATS5 reduced Igk germline transcripts and Igk rearrangement in pro-B
cells indicating that STATS5 suppresses premature Igk rearrangement in pro-B cells (15, 29,
30). Thus, STATS is able to repress function of the Igk intron enhancer.

However, while IL7 signaling represses the Igk intron enhancer at the pro-B cell stage,
factors that repress the kE3’ enhancer are unknown. Regulation of both Igk enhancers is
important because inhibition of the Igk intron enhancer alone is insufficient to inhibit Igk
rearrangement since deletion of this enhancer fails to ablate rearrangement apparently due to
compensatory activity of the kE3’ enhancer (10, 12).

We show here that the STATS5 repressive mechanism extends to the 1g «xE3” enhancer. We
found that STATS can inhibit kE3’ enhancer activity and that STAT5 repression occurs
through the same DNA motif that we, and others, previously found yields synergistic PU.1-
IRF4 DNA binding and transcriptional activation (16, 31-35). We found that STAT5
repression at the «E3” enhancer occurs by displacing PU.1, thereby reducing its occupancy
on the enhancer DNA. This represents a powerful mechanism for regulating 3’ enhancer
activity because loss of PU.1 DNA binding will also result in concomitant loss of IRF4
DNA binding to its adjacent site (16, 31, 33—-35). We present a model in which at the pro-B
cell stage, the Igx locus is maintained in a repressed state by STATS5 causing reduced E2A
binding to the intron enhancer, while simultaneously inhibiting PU.1, IRF4, and E2A DNA
binding to the xE3’ enhancer. As cells mature to the pre-B cell stage, reduced STAT5
activity and increased IRF4 expression and E2A activity results in increased cooperative PU.
1 and IRF4 DNA binding at the Igk 3’ enhancer as well as increased cooperative E2A-IRF4
DNA binding (36, 37). Consistent with this model, we previously observed elevated PU.1
and IRF4 binding to the 3’ enhancer in pre-B cells compared to pro-B cells (38). Therefore,
activation of PU.1/IRF4 and E2A/IRF4 motifs in pre-B cells, along with concomitant loss of
STATS5, promotes kE3’ enhancer activation.

Materials and Methods

DNA constructs

Cell culture,

Reporter plasmids containing the Exi enhancer, kE3’ enhancer core sequence, Ep intron
enhancer, multimerized PU.1 binding motif (4 copies), and multimerized E47 binding motif
(4 copies) were described previously (16, 17, 31, 39). MigRI-PU.1 and MigR1-STAT5
retroviral constructs were prepared by placing the PU.1 and STAT5a cDNA sequences at the
vector EcoR1-Not1 and Hpal sites, respectively.

transfection, and infection

Mouse plasmacytoma cell line S194 was cultured in DMEM with 10% horse serum. Virus
packing cell line BOSC and NIH3T3 cells were was grown in DMEM supplemented with
10% fetal bovine serum. 38B9 cells were grown in RPMI 1640 plus 10% fetal bovine serum
and 50uM B-mercaptoethanol. Bone marrow cells were cultured in IMDM medium
supplemented with 10% heat inactivated fetal bovine serum, 1% Penn/Strep, 1% glutamine,
1% non-essential amino acids, 50uM B-mercaptoethanol, and 10ng/ml IL-7. In vitro culture
resulted in 90% of cells obtaining a pro-B cell phenotype (B220"IgM~CD43*). For
withdrawal of I1L-7, the cells were cultured with 0.1ng/ml IL-7 for 18 hours. ES cells were
grown and maintained in an undifferentiated state in DMEM supplemented with 15% Fetal
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bovine serum, 50 pum 2-mercaptoetanol, 0.1 mM nonessential amino acids, 50 pg/ml
Penicillin/Streptomycin and 5 ng/ml Leukemia inhibitory factor (LIF, CHEMICON).
Undifferentiated ES cells were grown on mouse primary embryonic fibroblast cells
(CHEMICON). The Bone marrow stromal cell line (OP9) was cultured as a monolayer in
oaMEM medium supplemented with 20% FBS (ES grade and lot tested; Hyclone). For
retroviral packaging, subconfluent BOSC cells were cotransfected with retroviral DNA, plus
Gag-Pol and envelope plasmids using Lipofectamine 2000 (Invitrogen). After 48—72 hours
conditioned medium was harvested, supplemented with polybrene(4 pug/mL, Sigma-
Aldrich), and used for infection of 38B9 cells. S194 cells were transfected by the DEAE-
dextran procedure, and CAT assays were performed as previously described (17). NIH3T3
cells were transfected by the Lipofectamine 2000 method (Invitrogen). To induce
differentiation of ES cell/OP9 co-cultures, single cell suspensions of undifferentiated ES
cells were plated onto an OP9 monolayer in aMEM medium. Medium was changed at day 3
and by day 5 nearly 100% of ES colonies differentiated into mesoderm like colonies. At day
5 the co-cultures were trypsinized and the single cell suspension was pre-plated for 30
minutes. Nonadherent cells were reseeded onto a new confluent OP9 monolayer along with
5 ng/ml FIt3L and 5 ng/ml IL-7 (both from R&D Systems). On day 8 loosely adherent cells
were gently plated on a new OP9 monolayer with the addition of fresh FIt3L and IL-7. This
process of adding fresh cytokines and replating cells onto new OP9 layers was repeated at
days 8, 12, 16, 21 and 28.

Flow Cytometry

Anti-mouse CD45R and CD19 antibodies were purchased from BD Pharmingen. Cells were
stained in 100 pl staining buffer (PBS + 1% BSA) for 30 minutes on ice and washed twice
before analysis.

Stained cells were analyzed with a CANTO flow cytometer. Data analysis was performed
using FLOWJO software.

Reverse Transcription

RNA was isolated from ES cell/OP9 co-cultures using the Trizol method.

cDNA was prepared from 5 pug RNA by Oligo dT -priming using the Superscript cDNA
Synthesis kit from Strategene. Real-Time PCR was performed with primers specific for the
transcripts shown in Table I.

Electrophoretic mobility shift assays

EMSA was performed with 0.1 ng of labeled DNA probe (10,000 cpm) in a 20 pl reaction
mixture containing 2 pg poly(dI-dC), 10 mM Tris-HCI, pH 7.5, 50 mM NaCl, 1 mM EDTA,
1 mM DTT, 5% glycerol, and protein made by in vitro translation. PU.1 and STAT5
proteins were made by in vitro transcription and translation using a coupled transcription
and translation kit (Promega) with T3 or T7 RNA polymerase and equimolar amounts of
PU.1 and STATS5 were used for EMSA. The PU.1:STATS5 binding site from the «E3’
enhancer and the SV40 enhancer-derived PU.1 probe are shown in Table I. Samples were
electrophoresed on 4% polyacrylamide gels in 6.7 mM Tris-HCI (pH 7.5), 3.3 mM NaAc,
and 1 mM EDTA.

Western Blots

ES cells or primary bone marrow cells grown in either 10ng/ml or 0.1 ng/ml IL-7 were
harvested in RIPA buffer (50mM Tris-HCI, pH 7.4; 1% NP-40; 0.25% sodium
deoxycholate; 150mM NaCl; 1ImM EDTA; 1mM PMSF) and subjected to the western blot
procedure with antibodies against PU.1 (Santa Cruz Biotechnologies SC-352), STAT5
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(Santa Cruz Biotechnologies SC-835), or IRF4 (32), using anti-alpha-Tubulin (Sigma) as a
loading control. For immunoprecipitation of primary bone marrow IL-7 cultures, 1 mg of
RIPA lysate containing phosphatase inhibitor cocktail (Sigma-Aldrich P-5726) was
incubated with anti-STATS5 antibody overnight at 4°C and immune complexes were
captured with Protein A-agarose beads. After three washes with lysis buffer, bound protein
was eluted with 2x Laemmli buffer, and subjected to the western blot procedure using anti-
phosphotyrosine antibody 4G10 (Millipore 05-321). Blots were incubated with donkey anti-
rabbit antibody (Amersham) and signals were detected with Super Signal West Pico
Chemiluminescent Substrate (Pierce).

Chromatin Immunoprecipitation (ChlP) Assays

ChIP was carried out as previously described (40) using antibodies against STAT-5
(sc-835X; Santa Cruz Biotechnologies), E2A (sc-349; Santa Cruz Biotechnologies), IRF4
(32), and PU.1 (sc-352; Santa Cruz Biotechnologies). Quantitative PCR analyses were
performed by real time PCR using a Roche Lightcycler 1.5 and repeated at least three times.
Primers for the «kE3’ enhancer are shown in Table I. Relative fold increases were calculated
based on preimmune ChIP sample quantitative PCR values. Relative enrichments for each
region are presented as the percentage of input. In some experiments imatinib (Gleevec;
Novartis) prepared as a 10mM stock solution (1000x in water and 10mM HCI) was added to
38B9 cells to a final concentration of 10 uM and cells were harvested 12 hours later for
ChlIP evaluation.

VK-JK rearrangement

Results

Bone marrow samples from either wild-type C57BL/6 or constitutively active STAT5b-ca
mice (21) were subjected to purification on 8A MACS columns (Miltenyi Biotech) followed
by FACS to isolate pre-B cells. DNA isolated from primary pre-B cells was subjected to
PCR using of 5ng, 10ng, or 20ng of input DNA. Degenerate primers for various Vk genes
and a reverse primer from the Jk-Cx intron were used for PCR (41). Amplified products
were evaluated by southern blot using a 3.9 kb Xbal-BamH1 DNA probe containing the
kappa intron and constant region sequences. Primers that amplify the Ck constant region
were used as a loading control for normalization. Quantitation of rearrangement was
performed using a Storm Scan phosphoimager and Image Quant GE software. Animal
studies were reviewed and approved by the IACUC at the University of Pennsylvania.

STATS represses activity of the KE3' enhancer

To explore whether STATS can inhibit kE3’ enhancer activity, we first performed transient
expression assays in S194 plasmacytoma cells. A construct containing the entire xkE3’
enhancer (Fig. 1A) linked to the thymidine kinase promoter driving the chloramphenicol
acetyltransferase gene was transfected with empty CMV vector, or a vector expressing a
constitutively active form of STAT5a (CMV-STAT5ca). Interestingly, expression of
STAT5ca reduced enhancer activity five fold to 20% activity observed with empty CMV
vector (Fig. 1A, lanes 1-3; 1C). A reporter plasmid containing 129bp that constitutes the
kE3’ enhancer core sequence was similarly repressed (Fig. 1A, lanes 4 and 5, 1C). This
repression was specific because the IgH Ex intron enhancer was not repressed by STAT5
expression (Fig. 1B, lanes 1-4). To determine the target site of repression in the kE3’
enhancer we explored the impact of STATS5 expression on two functional xE3’ enhancer
motifs, the PU.1 motif and the E2A (E47) motif (Fig. 1A). Whereas STATS5 repressed
activity of the PU.1 binding site motif, there was no repression of the E2A motif (Fig. 1B,
lanes 5-8). In fact, activity of this element increased, perhaps due to squelching of histone
deacetylases by STATS5. These data are quantitatively shown in Fig. 1C. Thus, we conclude
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that STATS expression can lead to repression of the kE3” enhancer, and this repression may
target the PU.1 binding region of the enhancer.

STATS binds to the KE3' enhancer and can displace PU.1 binding in vitro

Repression of kE3’ enhancer activity by STAT5 could be due to direct DNA binding or by
an indirect mechanism. We scanned the Igx 3’ enhancer sequence for potential STATS
binding sites and found one site that contained a 5 out of 6 match to the specific nucleotide
sequences of the STATS5 consensus binding motif (TTCNNNGAA). Interestingly, this site
overlaps the PU.1 binding site (GAGGAA) (Fig. 2A) that is crucial for maximal enhancer
activity (16). We used this DNA sequence (shown in Fig. 2A) as a probe in electrophoretic
mobility shift assays (EMSA) as we have used this probe extensively in the past to measure
PU.1 DNA binding (16, 31, 32). This probe bound to recombinant PU.1 as well as to
recombinant STATS5 prepared by in vitro translation (Fig. 2B, lanes 1 and 2). Mixture of the
two proteins led to a dramatic reduction in PU.1 binding (Fig. 2B, lane 3). This loss was
specifically due to STAT5 because incubation with unprogrammed rabbit reticulocyte lysate
had no impact on PU.1 DNA binding (Fig. 2C). In addition, we used a probe derived from
the SV40 enhancer that binds PU.1 but not STATS5. As expected, this probe bound PU.1 but
addition of STATS had no impact on PU.1 binding (Fig. 2D). Thus, we conclude that
STATS5 can bind to the kE3’ enhancer via a site that overlaps the PU.1 binding site.

STATS5 and PU.1 compete for DNA binding in vivo

To determine whether STATS5 can bind to the kE3’ enhancer in vivo, we performed
chromatin immunoprecipitation (ChIP) studies using chromatin isolated from primary bone
marrow IL7 cultures that are mainly composed of primary pro-B cells (90% of bone marrow
cells became B220*IgM~CD43* after one week of culture). Indeed, we found that STAT5
bound to the kE3’ enhancer in vivo (Fig. 3A). We then wanted to determine whether
reduction of STATS5 binding would increase PU.1 occupancy at the 3’ enhancer. Removal of
IL7 from the medium of bone marrow cultures results in reduced STAT5 activation and
DNA binding (42). We found that removal of IL-7 from the media increased PU.1
expression whereas STATS5 overall levels remained unchanged (Supplemental Fig. 1),
consistent with transcript levels in pro-B and pre-B cells (http://www.immgen.org).
However, the level of phosphorylated STATS dropped upon IL-7 removal (Supplemental
Fig. 1). This is consistent with the well characterized phosphorylation of STAT5 in response
to IL7 signaling (21, 43-45). To determine relative STAT5 and PU.1 occupancy at the kE3’
enhancer in IL7-high and IL7-low cultures, we performed ChIP assays with chromatin
isolated from bone marrow cultures grown in 10 ng/ml IL7 as compared to 0.5ng/ml IL7. As
expected, relative STATS5 binding decreased dramatically upon reduction of IL7 in the
culture media (Fig. 3B). Strikingly, this was accompanied by a concomitant dramatic
increase in PU.1 DNA occupancy suggesting competitive DNA binding between STAT5
and PU.1 (Fig. 3B). The increased PU.1 binding is consistent with our previous work
showing elevated PU.1 binding in primary pre-B cells compared to primary pro-B cells (38).
To determine whether increased PU.1 or STAT5 levels would alter DNA binding by the
reciprocal protein, we transduced 38B9 pro-B cells with retroviruses expressing either PU.1
or STAT5 (MigR1-PU.1 or MigR1-STATS5, respectively). As expected, transduction with
MigR1-PU.1 resulted in elevated PU.1 occupancy at the kE3’ enhancer (Fig. 3C). In
addition, increased PU.1 binding was accompanied by a concomitant reduction in STAT5S
occupancy (Fig. 3C). Similarly, transduction with MigR1-STATS5 resulted in increased
STATS occupancy and reduced PU.1 DNA binding (Fig. 3C).

To further test our model of competitive STAT5-PU.1 DNA binding, we used the small
molecular compound, imatinib, which inhibits the ABL kinase in pro-B cells resulting in
reduced STATS activation (46). Treatment of cells with imatinib should therefore lead to
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reduced STATS5 occupancy and elevated PU.1 binding at the kE3” enhancer. Imatinib
treatment also leads to increased IRF4 expression (13) and this could also increase PU.1
binding due to cooperative PU.1-IRF4 interactions. Indeed, treatment of 38B9 cells with
imatinib resulted in lowered occupancy by STATS5 (Fig. 3D). As expected, reduced STAT5
binding and elevated IRF4 expression was accompanied by elevated PU.1 DNA binding
(Fig. 3D). We previously showed that PU.1 DNA binding at the «xE3” enhancer functions to
nucleate binding of other enhancer factors (16, 31, 39). Therefore, we assayed whether loss
of STATS5 and increased PU.1 occupancy would lead to increased binding by xE3” enhancer
binding factors IRF4, E2A, and Pax5. As anticipated, elevated PU.1 binding lead to
increased occupancy by IRF4, E2A, and Pax5 (Fig. 3D).

Finally, we tested competitive PU.1/STATS5 binding in an additional B cell developmental
system. Embryonic stem (ES) cells can be induced to differentiate into B lineage cells if
grown in leukemia inhibitory factor (LIF) negative media on OP9 feeder cells (47-49). We
tested whether PU.1-null ES cells (50, 51) would differentiate into B lineage cells under the
same conditions and found that they were unable to yield B lineage cells (Fig. 4A and B).
We placed wild-type ES cells and PU.1-null ES cells in B cell differentiation media (LIF™)
on OP9 feeders for four weeks and harvested cells to prepare chromatin for ChIP assays.
When comparing undifferentiated ES cells to cells induced to undergo B cell differentiation,
we observed a dramatic difference in protein occupancy at the xE3’ enhancer (Fig. 4C). In
undifferentiated ES cells, STATS5 binding was elevated at the xE3” enhancer whereas there
was minimal occupancy by PU.1, IRF4, or E2A. On the contrary, after induction of B cell
differentiation, PU.1 binding increased dramatically while STAT5 binding was reduced
(Fig. 4C). Increase PU.1 binding was accompanied by elevated IRF4 and E2A protein
occupancy. The lost STAT5 binding was not the result of reduced STAT5 expression, but
correlated with increased PU.1 and IRF4 expression (Fig. 4D and E). As predicted, PU.1-
null ES cells maintained high STATS5 binding at the kE3” enhancer with little PU.1, IRF4, or
E2A binding (Fig. 4C). Therefore, we conclude that PU.1 and STAT5 compete for DNA
binding to the xE3’ enhancer and their occupancy correlates with the level of binding by
other enhancer binding factors.

Igk rearrangement is not inhibited in STAT5ca transgenic animals

The repressive effect of STAT5 on Igk locus enhancer activity and germline transcription
might lead to reduced Igx rearrangement in mice expressing a constitutively active STATS
transgene. Alternatively, increased IRF4 expression in pre-B cells might override repressive
effects of STATS, as was previously observed in bone marrow cultures even in the presence
of high levels of IL7 (14). To explore this issue, we assessed Igk rearrangement in pre-B
cells isolated from either wild-type mice, or mice containing a constitutively active STAT5
transgene (44). Isolated DNA was subjected to PCR to detect Vk-Jk rearrangement using
degenerate primers for various Vk sequences in association with a primer downstream of the
Jx region. DNA was normalized to the level of product observed with Cxk primers. We
observed no statistically significant difference between the level of Vk-Jk rearrangement in
wild-type compared to STAT5ca transgenic pre-B samples (Fig. 5A and B). In this case,
consistent with previous work ex vivo (14), elevated IRF4 expression in pre-B cells appears
to be sufficient to overcome the repressive effects of STATS5, perhaps because IRF4
synergizes with both PU.1 and E2A bound to the kE3” enhancer.

IRF4 expression can overcome STAT5 repression

To test the idea that IRF4 can override STATS repression, we performed transfection assays
with the PU.1 and STATS5 responsive reporter used in Fig. 1. This reporter binds to PU.1,
STATS5, and IRF4 and can therefore be used to determine the ability of IRF4 to counteract
STATS repression. As expected, in transient expression assays PU1 expression resulted in
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elevated reporter gene transcription, and addition of STATS5 repressed this PU.1-mediated
transactivation (Fig. 6). Cotransfection of PU.1 and IRF4 expressing plasmids resulted in
augmented transactivation above that seen with PU.1 alone. However, this augmented PU.1-
IRF4 transactivation was no longer sensitive to repression by STAT5 (Fig. 6). Thus, STAT5
repression of PU.1 mediated transactivation can be overcome by IRF4 expression.

Discussion

Temporal differences in Ig heavy chain and light chain rearrangement indicate that a
mechanism must exist to maintain the Igk locus in an inactive state in pro-B cells when the
heavy chain locus undergoes rearrangement. Attenuation of IL7 signaling and increased
E2A and IRF4 activities in pre-B cells correspond with activation of the Igx locus (13-15,
29). Prior work indicated that the Igx intron enhancer is a target of increased E2A DNA
binding and histone acetylation in response to IL7 attenuation (14). Regulation of Igk intron
enhancer activity alone, however, is insufficient to regulate Igx locus rearrangement as the
kE3’ enhancer can compensate for loss of Igxk intron enhancer activity to drive Vk-Jk
rearrangement (10, 12). During the pro-B to pre-B cell transition, elevated IRF4 expression
causes an increase in H4 acetylation at the xE3’ enhancer (13, 14), but we now show that a
mechanism also exists that represses kE3’ enhancer activity in a developmentally controlled
fashion. We found that the kE3’ enhancer is also part of the IL7-STATS5 regulatory
mechanism. Thus, developmental control of the kE3” enhancer involves both active
stimulation by PU.1, IRF4 and E2A, and repression by STATS.

We previously showed that the kE3’ enhancer can bind to a variety of transcription factors
including c-fos, c-jun, PU.1, IRF4, Pax5, and E2A that regulate enhancer activity (16, 31,
39, 52, 53). Binding by PU.1 is particularly important because PU.1 binding is needed for
recruitment of IRF4 to an adjacent binding site (16, 31, 33-35). Deletion of the PU.1
binding site leads not only to lost PU.1 DNA binding, but lost DNA binding by IRF4 as
well, and concomitant reduced enhancer activity (39). Thus, regulation of this binding site
has profound impact on kE3’ enhancer activity.

We show here that PU.1 binding to the «kE3’ enhancer can be modulated by competitive
binding by STATS to an overlapping site, and this correlates with occupancy by other
enhancer binding factors, suggesting that STATS5 binding represents a molecular switch that
can control occupancy at the kE3” enhancer. This, coupled with changes in IRF4 expression
and E2A activity can result in precise regulation of kE3’ enhancer function. This mechanism
at the kE3” enhancer is not absolutely essential for regulating Igk rearrangement. B cell
development and Igk rearrangement can occur in the absence of PU.1 (54-56), although
other studies suggest that reduced PU.1 activity can affect B cell development (57).
Presumably, in the absence of PU.1 either kE3’ enhancer activity is still sufficiently robust
to support Igk rearrangement, or the process is completely dependent upon the intron
enhancer.

Based on the repressive role of STATS in kE3” enhancer activity, we hypothesized that a
STAT5ca transgene might reduce Igx gene rearrangement in vivo. However, we found little
difference in Igk rearrangement when comparing wild-type and STAT5ca transgenic
animals. Several explanations are possible. The STAT5b-ca transgene lacks the site required
for interaction with SMRT and can only interact with this co-repressor if part of a
heterodimer with wild-type endogenous STATS, potentially leading to a weaker interaction.
STAT5b-ca mice do contain fewer pre-B cells relative to pro-B cells, and fewer immature B
cells relative to pre-B cells. Thus, these mice may select for cells that rearrange Igk and
differentiate to the immature stage, and cells that fail to rearrange may never differentiate to
the pre-B or immature B cell stages thus masking the rearrangement defect. However, our
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transfection results with IRF4 suggest an additional explanation. Whereas STATS5 was able
to repress PU.1 transactivation function, it failed to repress transactivation if IRF4 was
present with PU.1. Thus, elevated IRF4 levels in pre-B cells leading to cooperative DNA
binding with PU.1 and E2A to the composite PU.1/IRF4 and IRF4/E2A motifs in the «E3’
enhancer is sufficient to override the repressive effect of STATS.

The composite PU.1/STATS site is conserved in the Igk 3” enhancer sequences from human,
mouse, and rabbit (Fig. 7A) indicating likely conservation of mechanisms in these species.
While numerous consensus STATS5 sites exist within the mouse Igk locus, only the site
within the kE3’ enhancer is a composite PU.1/STAT5 motif (Fig. 7B). Based on the work of
others and our own, we propose that in pro-B cells, IL7 signaling activates STATS5 leading
to recruitment of STATS to distal VVh promoters via Octl (19). This results in enhanced
rearrangement of distal VVh genes. Simultaneously, STATS5 binds to the Igk locus leading to
reduced Igk intron and kE3’ enhancer activities (Fig. 7C), the former by regulating E2A
binding (14, 15, 29), and the later by displacing PU.1 from the kE3’ enhancer (Fig. 7D). At
the pre-B cell stage when IL7 signaling is attenuated and IRF4 levels increase, the intron
enhancer is activated by E2A occupancy. Simultaneously, STAT5 binding to the kE3’
enhancer is reduced and PU.1 binding increases leading to recruitment of IRF4 to the xE3’
enhancer and subsequent enhancer activation (Fig. 7D). Consistent with this model, we
previously observed elevated PU.1 and IRF4 binding to the kE3’ enhancer in pre-B cells
compared to pro-B cells (38). We also previously showed that E2A and IRF4 cooperatively
bind to the kE3’ enhancer leading to enhancer synergy (36, 37). Thus, coupled with intron
enhancer activation, both PU.1/IRF4 and E2A/IRF4 motifs in the kE3’ enhancer will yield
high activity in pre-B cells thus contributing to enhancer activation and lgk rearrangement
(Fig. 7D).

In total, our results provide a more complete explanation for how the Igx locus is regulated
through both enhancers involved in Igk rearrangement, and provide a new model for locus
activity involving a competitive STAT5-PU.1 DNA binding mechanism.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1. STATS represses Ig kE3’ enhancer activity through the PU.1 binding site

(A) The kE3’ enhancer is repressed by STAT5 expression. A map of the Igk locus showing
factors that regulate intron (Exi) and 3’ (<E3’) enhancers is shown on the right. The intron
enhancer is positively regulated by E2A and NF-«B, but is negatively regulated by STATS.
The «E3’enhancer is positively regulated by PU.1, IRF4, and E2A. Existence of a negative
regulatory factor (???) is unknown. S194 plasmacytoma cells were transfected with either
TKCAT, Ex3’TKCAT or 3’CoreTKCAT reporter plasmids and either empty CMV or
constitutively active STAT5a encoding expression plasmids. Cell extracts were evaluated
for chloramphenicol acetyltransferase activity using 14C-chloramphenicol and products were
evaluated by thin layer chromatography. A representative of three experiments is shown. (B
and C) STATS repression occurs through the PU.1 binding region. Reporter plasmids shown
above the lanes were co-transfected with either empty expression vector (=) or constitutively
active STAT5a expressing vector (+). Cell extracts were evaluated for chloramphenicol
acetyltransferase activity using 14C-chloramphenicol and products were evaluated by thin
layer chromatography. Data is quantitated in panel C from three experiments and error bars
show standard deviation of the mean.
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FIGURE 2. PU.1 and STATS5 compete for in vitro binding to the kE3’ enhancer

(A) The kE3’ enhancer PU.1 and IRF4 binding sites and the potential STAT5 binding site
are shown. (B and C) EMSA was performed with the kE3’ enhancer DNA probe shown in
panel A with equimolar amounts of PU.1 and STATS5 proteins prepared by in vitro
transcription and translation. Addition of STAT5 resulted in reduced PU.1 DNA binding.
RRL: unprogrammed rabbit reticulocyte lysate. A representative of three experiments is
shown. (D) STATS5 has no impact on PU.1 binding to the SV40 enhancer PU.1 binding site.
EMSA was performed with the PU.1 binding site from the SV40 enhancer which lacks an
overlapping STATS5 binding site. A representative of two experiments is shown.
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FIGURE 3. PU.1 and STATS5 compete with one another for binding to the kE3’ enhancer in vivo
(A) STATS can bind to the kE3’ enhancer in pro-B cells. ChIP assays were performed on
bone marrow cells grown in IL7 (90% of bone marrow cells were B220*IgM~CD43*) using
antibody to STAT5 and DNA primers to the kE3’ enhancer. The «E3’ enhancer primers
used for conventional PCR lie approximately 150 bp upstream and downstream of the 132
bp enhancer core defined previously (17) and yield a product of 448bp. A representative of
four experiments is shown. (B) Withdrawal of IL7 from bone marrow cultures and loss of
STATS activation results in reduced STAT5 DNA binding and elevated PU.1 binding as
measured by ChIP assay. The fold change in DNA binding is shown relative to the level of
binding before IL7 withdrawal. Asterisks show statistically significant differences where
p<0.05 of three independent experiments. (C) Elevated PU.1 or STATS5 levels lead to
concomitant reduction in STAT5 and PU.1 binding, respectively. 38B9 pro-B cells were
transduced with control MigR1 retroviral vector, or vectors expressing PU.1 or STATS.
ChIP assays were performed with PU.1 or STAT5 antibodies and fold change of PU.1 and
STATS5 binding was calculated relative to vector control cells. Asterisks show statistically
significant differences where p<0.05 from 3 experiments. (D) Imatinib reduces STAT5
occupancy leading to increased PU.1 DNA binding and increased binding by IRF4, E2A,
and Pax5. 38B9 cells were treated with imatinib then processed for ChIP with the indicated
antibodies and primers to the xE3” enhancer. The «E3’ enhancer primers used for real-time
PCR flank the 132 bp enhancer core and yield a product of 172 bp. Asterisks show
statistically significant differences where p<0.05 from three experiments.
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FIGURE 4. Competitive PU.1/STATD5 binding in an ES cell-B cell development system

(A) Wild-type or PU.1-null (PU.1—-/-) ES cells were grown in LIF~ media on OP9 feeders.
After 4 weeks inculture, one fourth to third of cells from the wild-type sample had
differentiated into B220 positive or CD19 positive B lineage cells, whereas PU.1-null cells
remained B220 negative. (B) Diagram of B cell differentiation capacity of wild-type and PU.
1-null ES cells. (C) ChlIP assays using chromatin from undifferentiated ES, or wild-type ES
cells in differentiation medium, or PU.1-null cells in differentiation medium. Fold
enrichment of DNA is plotted using the antibodies shown in the panel. Asterisks show
p<0.05 comparing differentiated levels to undifferentiated and PU.1-null samples from three
experiments. (D) Western blots were performed on either undifferentiated or differentiated
wild-type ES cells using the antibodies shown above the lanes. Blots probed with a-tubulin
antibody served as loading controls. (E) Quantitative real-time PCR was performed for PU.
1, IRF4, STATS5, and E2A transcripts using RNA isolated from undifferentiated or
differentiated wild-type ES cells. Data is shown from three experiments.
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FIGURE 5. Impact of STATS5 on Igk rearrangement

(A and B) Expression of a constitutively active STAT5b transgene (STAT5b-ca) does not
reduce the level of endogenous Igk V-J rearrangement. Pre-B cells were isolated from wild-
type or STAT5b-ca transgenic mice and isolated DNA was assayed for Igk rearrangement
using degenerate primers followed by southern blot. No reduction in Igk V-J rearrangement
was observed in the transgenic animals compared to wild-type. Data are shown from four
experiments.
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FIGURE 6. IRF4 can overcome STATS5 repression of the kE3’ enhancer

NI3T3 cells were transfected with the kE3” enhancer PU.1 motif reporter plasmid and the
CMV expression plasmids indicated in the figure. The asterisk indicates significant (p< 0.
05) repression of PU.1 by STAT5 when transfected without IRF4. In the presence of IRF4,
STATS failed to repress transactivation. Error bars show standard deviation of the mean
from three experiments.
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A Igx 3’ Enhancer PU.1 STATS5 Site Homology
Mouse ACCTTTGAGGAACTG 5 out of 6
STATS
Human ACCTTTGGGGAACTG 5 out of 6
Rabbit ACCTTTTGGGAACCG 5 out of 6
B Vi21C Sis K Exi Cx «E3 Ed rpi
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FIGURE 7. Model for STATS inhibition of Igk locus accessibility

(A) The overlapping PU.1 and STATS5 binding sites are conserved in xkE3” enhancer
sequences from mouse, human and rabbit. (B) Location of putative STATS5 sites within the
Igk locus. Numerous STATS consensus sequences are observed within the Igk locus, but
only a single site within the kE3” enhancer overlaps with a PU.1 binding site. Locations of
V«21C and rpi genes, and Sis, Exi, kE3’, and Ed enhancers are indicated. (C) IL7 signaling
activates IgH distal V gene rearrangement through STATS5 while simultaneously reducing
Igk locus accessibility through inhibition of Igk intron and «E3’ enhancers. (D) Model for
STATS function at the xE3’ enhancer during the pro-B to pre-B cell transition. In pro-B
cells IL7 signaling activates STATS which competes with PU.1 for binding to the enhancer
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leading to low IRF4 and E2A occupancy and low «E3’ enhancer activity. In pre-B cells, loss

of IL7 signaling and increased IRF4 expression enables PU.1, IRF4 and E2A to bind to the
kE3’ enhancer leading to increased activity, and stimulation of Igk rearrangement.
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Primers for RT-PCR, EMSA probes, and ChIP

RT-PCR Primers
IRF4-Forward
IRF4 —Reverse
E47 —Forward
E47- Reverse
GAPDH-Forward
GAPDH-Reverse
STAT5-Forward
STAT5-Reverse
PU.1-Forward
PU.I-Reverse
EMSA Probes
kE3’PU.1-STATS
SV40 PU.1

GACTGCCGGCTGCATATCTGC
GCCGATCGCTGCACAGTGCCAG
CGAGAAGCCGCAGACCAAACT
TCCCCGACCACGCCAGAC
CTGAGGACCAGGTTGTCTCC
GCCTCTCTTGCTCAGTGTCC
CGCTGGACTCCATGCTTCTC
GACGTGGGCTCCTTACACTGA
CCCCTGGAGGTGTCTGATGGAG
CTTCTTGCGGTTGCCCTTCTGGAT

CTTTGAGGAACTGAAAACAGAACCT
TGAAATAACCTCTGAAAGAGGAACTTGGTTAGGTA

kE3” Enhancer Conventional PCR ChIP Primers

Forward

Reverse

ATATTATCAGCCAACATCTTCTAC
CATTGGGACTGGGGACTAACC

kE3” Enhancer QPCR ChIP Primers

Forward

Reverse

TGGTGACTGGCCTGAGAAGAT
GAGGAGGATGGGAGCGAAA

J Immunol. Author manuscript; available in PMC 2013 March 1.

Page 21



