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How distal transcriptional enhancer sequences interact with proximal promoters is poorly understood
within the context of chromatin. In this report, we have used the immunoglobulin heavy chain locus to address
the role of the PTIP protein in transcription regulation and class switch recombination in B cells, a process
that depends on regulated transcription and DNA recombination via Pax5 and distal 3’ enhancer sequences.
We first show that PTIP is recruited to a Pax5 binding site to promote histone H3 lysine 4 (H3K4) methylation.
Using a CD19-Cre driver strain, we deleted PTIP in mature B cells. Loss of PTIP inhibited class switch
recombination by suppressing transcription and histone H3K4 methylation at the germ line transcript pro-
moters. In the absence of PTIP, Pax5 binding to the promoter regions is reduced and long-range chromatin
interactions between the distal enhancer at the 3’ regulatory region and the germ line transcript promoters are
not detected. We propose a model whereby PTIP stabilizes the Pax5 DNA interactions that promote chromatin
looping and regulate transcriptional responses needed for class switch recombination.

Long-range interactions between distal enhancers and pro-
moters are known to regulate many multigene loci through
DNA looping mechanisms that bring enhancer sequences and
their respective binding proteins close to a transcription start
site (14, 18, 27). The immunoglobulin heavy chain locus (IgH)
is an example of a large locus with multiple transcripts, splice
variants, regulatory elements, and genomic rearrangements
that can produce different proteins in response to a variety of
signaling inputs. In B lymphocytes, class switch recombination
(CSR) rearranges the immunoglobulin heavy chain (IgH) locus
such that new constant regions replace the IgM isotype (35). In
response to specific stimuli, CSR requires the initiation of
germ line transcripts (GLTs) upstream of the new constant
region, before double-strand break formation and recombina-
tion. B cell differentiation and IgH transcription depend on the
3’ enhancer sequences (12), which are known to interact with
the switch regions through a chromatin looping mechanism
(17).

The Pax5 gene, a member of the paired-box (Pax) gene
family first identified as homologues of the Drosophila mela-
nogaster paired and gooseberry segmentation genes, encodes a
protein that is essential for B cell specification and immuno-
globulin gene expression (8). Genetic loss-of-function experi-
ments in mice provide strong evidence that Pax5 is necessary
not only for the transition from pre-B cell to IgM-positive B
cells (36) but also for the maintenance of B cell phenotypic
stability (24) and for isotype switching and generation of Ig-
secreting B cells (15). Within the IgH locus, Pax5 binds to the
3’ enhancer (23), although how Pax5 contributes to chromatin
looping and GLT regulation is unclear. Pax5 is a member of
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the Pax2/5/8 subfamily, whose amino-terminal DNA binding
domains are virtually identical and whose carboxy-terminal
sequences share large regions of identity (2). In humans and
mice, there are 9 Pax genes, all of which are expressed in
embryonic development, where they are known to regulate cell
lineage pathways and morphogenesis (1, 31). Pax genes are
also associated with human diseases because of either haplo-
insufficiency or aberrant expression (5). Despite their critical
roles in development and their association with clinical disease,
how Pax proteins function to specify cell lineages is poorly
understood.

A close relative of Pax5, the Pax2 protein is known to inter-
act with a histone H3 lysine 4 (H3K4) methyltransferase com-
plex through the ubiquitously expressed nuclear protein PTIP
(28). The PTIP protein is encoded by the Paxipl gene and
contains 3 pairs of BRCT domains, at least one of which is a
strong P-serine binding domain (22). The PTIP protein is part
of a KMT2C/D (MLL3/4) complex that contains the mamma-
lian homologues of Drosophila Trithorax group proteins and
can methylate H3K4 (H3K4me) (7, 16, 28). Loss of PTIP in
mice (6) and flies (13) is embryonic lethal and results in a
global reduction of trimethylated H3K4 (H3K4me3), an epi-
genetic mark that correlates with actively expressed genes.
Methylation at H3K4 depends on the mammalian homologues
of the yeast (Saccharomyces cerevisiae) COMPASS complex,
which contain the SET domain encoding methyltransferases
(KMT?2s) and cofactors such as Rbbp5, WDRS, and Ash2L
(33). High levels of H3K4me3 correlate strongly with transcrip-
tion start sites and are thought to recruit PHD domain-con-
taining proteins important for assembly of the initiation com-
plex (34) and/or nucleosome remodeling (41).

Given the high degree of sequence identity between Pax2
and Pax5 and that the genes are functionally interchangeable
(2), we asked whether PTIP is also important for Pax5-medi-
ated functions in developing and mature B cells. Using an
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TABLE 1. List of primer pairs used in this study

Sequence (5'—=3")*

Primer type and/or name

Forward

Reverse

PRS4 flank, HEK293 cells

B cell ChIP
D (IgG1-GLT promoter 12)
E (IgG1-GLT promoter 11)
F (IgG1-GLT promoter 10)
G (IgG1-GLT promoter 9)
H [gl-GLT 5’ (JAD)]
J (LR1-LPS response element)
K (3RR-HS4-A)
L (IgG2b-pk2-B)

B cell 3C assay
A’ (IgG1-GLT R + H3b-4 F)
B’ (3C-Ig2b-2b-L + H3b-4-F)
C’ (IgGI-GLT R + Eu-F)
D’ (H3b-4 F + Eu R)
E’ (Gapdh 3C control)
F' (flanking Eu HindIII site)

PCR products for EMSA
(IgG1-GLT promoter 9-G
IgG1-GLT promoter 10-F
IgG1-GLT promoter 11-E
IgG1-GLT promoter 12-D
IgG2b-pkl1-A
IgG2b-pk1-B
IgG2b-pk2-A
IgG2b-pk2-B

GCTACCGGACTCAGATCTCG

TGCTCCAGAAGGTTCCCTAA
TTTCCTGACCACCTCATTGG
CATTCTGGGGGTTTCTGTGT
GGCTGGTCTGTCAACTCCTT
TCTCTTTCCCTGCAGGCTTGA
CTTTCCCTACTCCCCTGGTC
GAGGAGGTTGACCTGATGGA
AATGTTTTTCCCAGCACCAA

CGACACTGGGCAGTTCATTTTG
TGGTAACAAACAGGACACACG
CGACACTGGGCAGTTCATTTTG
ACCCAACCTGTGTCCCTAGAG
CAGTAGACTCCACGACATAC
AGACTCTGGACCTCTCCGAAAC

GGCTGGTCTGTCAACTCCTT
CATTCTGGGGGTTTCTGTGT
TTTCCTGACCACCTCATTGG
TGCTCCAGAAGGTTCCCTAA
TGTGGCTCTCTCCAGCTTCT
TTTCAGTGTCTGGGGTAGGG
AAACCCTAACCCTGCTGCTIT
AATGTTTTTCCCAGCACCAA

TGCGAAGTGGACCTCGGACC

CTGCTGTGTGGGATCTGCTA
ACTCTGTCACAGCCCTCAGC
CAGGAGTACAGCCAGGCTTC
CTGCTTTCACAGCTTCCACA
CTGAGGAATGTGTTTGGCATGG
GGGGATAGCAGGGCTAAGAA
CAGGAACCACAGAGCAGAGG
CAAGCGTGTGTCCTGTTTGT

ACCCAACCTGTGTCCCTAGAG
ACCCAACCTGTGTCCCTAGAG
AGACTCTGGACCTCTCCGAAAC
CCCTAAAGCAATGACTGAAGACTC
AGTAGTGCGTTCTGTAGATTCC
CCCTAAAGCAATGACTGAAGACTC

CTGCTTTCACAGCTTCCACA
CAGGAGTACAGCCAGGCTTC
ACTCTGTCACAGCCCTCAGC
CTGCTGTGTGGGATCTGCTA
GGACTGTGAATCCTGGAAGG
CCAGGAACACTGGGTTGAGA
CCGTCCTACAGAGGTTCCAG
CAAGCGTGTGTCCTGTTTGT

“ The sequences (top strand) of the oligonucleotides for EMSA are as follows: H2A, CAGGGTTGTGACGCAGCGGTGGGTGACGACTGTCGG; CS1, AGGC
ATTTCCTGACAGGGTTCCCCTTCATTCTGGGGGTTTCTGTGTCAGGG; and CS2, GGGCCTTTGGGGGTCCCTGGGCTGGCTGAGGCTGAGTGATTAT

GCCCACTCT.

integrated reporter system, Pax5 recruits PTIP and the
KMT2D complex to DNA, resulting in high levels of
H3K4me3. Furthermore, we used a conditional allele of Paxip!
and a CD19-Cre driver to delete PTIP in B cells and assessed
the ability of B cells to undergo isotype switching and chroma-
tin remodeling. The loss of PTIP significantly reduced isotype
switching, the levels of H3K4me3 around the promoter of the
GLTs, the initiation of transcription, and the ability of the IgH
3’ enhancer to interact with the GLT promoters. These data
point to a critical role for PTIP and its interaction with Pax5 in
B-cell-specific chromatin-remodeling events.

MATERIALS AND METHODS

Mice. The Paxipl conditional floxed allele contains exon 1 and the 5’ regula-
tory sequences flanked with loxP sites and has been previously described (19).
The Cd19-Cre mice were used to delete PTIP in the B cell lineage (30). Exper-
iments were performed with Paxip”’* mice or Cd19-Cre/+; Paxip/ mice.

B cell cultures. Mature B cells were isolated from the spleens of 6- to 16-
week-old mice by using a B lymphocyte enrichment kit (BD Biosciences). En-
riched B cells were cultured in RPMI medium supplemented with 10% (vol/vol)
fetal bovine serum (FBS), 1% (vol/vol) antibiotic/antimycotic, 1% (vol/vol) glu-
tamine, 1% (vol/vol) sodium pyruvate, and 50 wM B-mercaptoethanol. Mature B
cells were stimulated to undergo class switch recombination with 25 pg/ml
lipopolysaccharide (LPS) (Sigma) or 1 pg/ml anti-CD40 (BD Bioscience) with 25
ng/ml interleukin-4 (IL-4) (R&D Systems).

Flow cytometry. Cells were washed with phosphate-buffered saline (PBS) sup-
plemented with 10% (vol/vol) FBS and incubated on ice in the dark for 30 to 60
min with anti-B220 (1:200; eBioscience), anti-IgG1 (1:100; BD Pharmingen), and
anti-IgG2b (1:100; Southern Biotech) antibodies. Cells were then washed with

PBS, resuspended, and counted with a Beckman Coulter FC500 flow cytometer
using Cytomic RXP software. Data were analyzed with FlowJo software.

Western blotting. Whole-cell lysates were prepared by resuspending cell pel-
lets in 2X SDS-PAGE loading dye and boiling for 5 min. Proteins were separated
by 8 or 10% Tris-glycine SDS-PAGE and transferred to polyvinylidene difluoride
(PVDF) membranes. Antibodies for Western blotting were used at the following
dilutions: rabbit anti-PTIP, 1:1,000 (28); goat anti-Pax5, 1:1,000 (C-20; Santa
Cruz); antiactin, 1:5,000 (C-11; Sigma); and antitubulin, 1:5,000 (Sigma). Ex-
tracts were normalized to actin as a loading control.

Preparation of cDNA and qPCR. Total RNA was isolated from unstimulated
and stimulated cells by using Trizol (Invitrogen) according to the manufacturer’s
protocol. The cDNAs were prepared with oligo(dT) primers according to the
SuperScript II kit (Invitrogen). Diluted cDNAs were amplified with the iTaq
Sybr green master mix (Bio-Rad) in a Prism 7500 (Applied Biosystems). Hypo-
xanthine phosphoribosyltransferase (HPRT) was used an endogenous control to
normalize targets. All primer pairs used for quantitative PCR (qPCR) for RNA,
chromatin immunoprecipitation (ChIP), and chromosomal conformation cap-
ture (3C) analysis are listed in Table 1.

ChIP. HEK293 cells with an integrated PRS4EGFP reporter were transfected
with 1 g cytomegalovirus (CMV)-Pax5 and harvested 48 h posttransfection. A
fraction of cells were lysed by 2X SDS-PAGE to determine the expression of
Pax5, tubulin, and green fluorescent protein (GFP). ChIP was performed as
previously described (28). Resting unstimulated B cells or B cells stimulated for
2 or 3 days were harvested for chromatin preparation and immunoprecipitation.
ChIP was performed as previously described, except for a few modifications (28).
Resting or stimulated B cells were fixed in culture media by the addition of
formaldehyde to 1% for 8 min at room temperature. Chromatin was sheared by
five 15-s pulses with a microtip probe sonicator (Branson Sonifier 250). Ten
micrograms of chromatin was immunoprecipitated with 2 to 6 wg of antibodies.
Precipitated DNA was reconstituted in sterile water, and real-time PCR quan-
titation of DNA relative to inputs was performed with iTaq Sybr green master
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mix (Bio-Rad) in a Prism 7500 (Applied Biosystems) with the primers listed in
Table 1.

Antibodies. Rabbit IgG and goat IgG (Bethyl Laboratories) were used as
control antibodies for ChIP. Anti-Pax5 (C-20) and anti-polymerase II (Pol II)
RNA were obtained from Santa Cruz. Rabbit anti-PTIP has been previously
described (28). Anti-Ash2l and anti-Rbbp5 were obtained from Bethyl Labora-
tories. Anti-KMT2D, anti-H3K4mel, and anti-H3K4me2 were purchased from
Abcam. Anti-H3K4me3 was obtained from Diagenode.

3C analysis. The use of the 3C technique for monitoring the association of the
3" enhancer site hs4 with sites in the IgH locus has been described previously (17,
40). Briefly, unstimulated resting wild-type (WT) B cells and LPS/IL-4-stimu-
lated WT and PTIP ™ B cells were fixed with 2% formaldehyde in culture medium
for 8 min, quenched with glycine, and lysed with 1X cell membrane lysis buffer.
A total of 1 X 107 unstimulated nuclei or 0.5 X 107 stimulated nuclei were
solubilized and then digested with HindIII overnight. The cross-linked DNA was
ligated under dilute conditions overnight, followed by cross-link reversal and
DNA extraction. Two hundred nanograms of DNA was used for each PCR under
semiquantitative conditions, ensuring amplification was in the linear phase. Ex-
periments were performed with at least three different biological replicates. The
primers used in this study are listed in Table 1. Primers previously published were
used to measure the association of the hs4 of the 3" RR with either the Ep region
or upstream of the y1 GLT (17, 40). Controls include a primer set measuring the
ligation efficiency of a 3.5-kb fragment containing Gapdh and a primer set
measuring the uncut DNA flanking the HindIII site of the Ep.. Semiquantitative
PCR was performed for 32 and 35 cycles to ensure the reaction was in the linear
phase.

For quantitation, primer pairs were labeled with [y->*P]ATP and polynucle-
otide kinase and added directly to the PCR at a ratio of 1:10 labeled to unlabeled
primers. PCRs were run on 6% polyacrylamide gels and dried, and specific bands
were quantitated with a phosphorimager.

EMSAs. For electrophoretic mobility shift assays (EMSAs), the paired domain
from Pax2 (amino acids 1 to 170), containing a homologous paired domain to
Pax5, was expressed in Escherichia coli and purified as previously described (3).
The oligonucleotides and PCR fragments used are identified in Table 1. Oligo-
nucleotides were end labeled with [y->*P]ATP and polynucleotide kinase. Un-
labeled fragments or double-stranded oligonucleotides were used as cold com-
petitors. Binding reactions were performed in Z buffer (25 mM HEPES, pH 7.8,
20% glycerol, 12.5 mM MgCl,, 0.1 M KCIl, 1 mM dithiothreitol [DTT]). Free
DNA and DNA-protein complexes were resolved at room temperature on 6%
neutral polyacrylamide gels in 0.5X Tris-borate-EDTA (TBE) at 150 V.

RESULTS

Pax5 recruits PTIP and an H3K4 methyltransferase com-
plex to chromatin. In order to assess the effects of Pax5 on a
DNA target site, we utilized an HEK293 derivative cell line
(PRS89), which contained an integrated reporter gene (Fig.
1A). The reporter consists of 5 copies of a strong Pax2/5/8
response sequence (PRS) upstream of the minimal thymidine
kinase (TK) promoter driving enhanced green fluorescent pro-
tein (EGFP). Transient transfection of Pax5 into PRS89 cells
resulted in upregulation of EGFP (Fig. 1B). More importantly,
alterations in chromatin at the PRS were consistent with the
recruitment of a histone H3K4 methyltransferase complex
(Fig. 1C). Chromatin immunoprecipitation (ChIP) experi-
ments revealed Pax5 binding to the PRS. Endogenous PTIP
protein was also bound to the PRS in a Pax5-dependent man-
ner. Similarly, components of the KMT2D complex, including
RbbpS, Ash2L, and KMT2D, also localized to the PRS in a
Pax5-dependent manner. Antibodies against H3K4 mono-, di-,
and trimethyl modifications showed significant 4- to 6-fold
increases in H3K4 methylation in response to Pax5 expression.
These data demonstrate Pax5-dependent PTIP recruitment
and H3K4 methylation at a strong Pax5 DNA binding se-
quence.

PTIP deletion in B cells affects gene expression and CSR. In
order to assess the necessity of PTIP for Pax5-dependent func-
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FIG. 1. Pax5 recruits the PTIP histone methylation complex to a
DNA target sequence. (A) Schematic of the Pax-dependent reporter
gene integrated into HEK293 cells. PRS, Pax-responsive sequence;
TK, minimal thymidine kinase promoter; EGFP, enhanced green flu-
orescent protein. The forward (Fp) and backward (Bp) primers for
ChIP are indicated. (B) Western blots (WB) of control and Pax5-
transfected cells performed with the antibodies (Ab) indicated. Note
that Pax5 expression activates EGFP relative to the control. (C) ChIP
assays for PRS binding sites performed with antibodies against Pax5,
PTIP, Ash2l, Rbbp5, KMT2D, and RNA Pol II (left panel). Note that
Pax5 recruits PTIP, Ash2l, Rbbp5, KMT2D, and Pol II to the PRS
binding site. ChIP with antibodies against H3K4 methylation states
(right panel) shows significant increases at the PRS in Pax5-expressing
cells.

tions in mature B cells, we generated a B-cell-specific deletion
of PTIP by crossing the floxed allele (Paxip™) to a well-
characterized CD19-Cre driver strain (30). Splenic B cells from
mice carrying the Paxip"" or Paxipl’'~ alleles with and with-
out the CD19-Cre were purified and stimulated with LPS and
IL-4 to assess proliferation and CSR. For simplicity, we des-
ignated the B cells either WT (Paxip™ or Paxip’’~) or
PTIP~ (Paxip™; CD19-Cre or Paxip’’~; CD19-Cre). The
PTIP™ B cells did not contain detectable amounts of PTIP
protein, although Pax5 protein was unaffected (Fig. 2A). Upon
stimulation with LPS/IL-4, B cells undergo CSR to IgG1 and
IgG2b. CSR requires the activation of activation-induced
deaminase (AID) and the initiation of GLTs near the switch
region, upstream of the new constant region. In PTIP™ B cells,
AID was activated to even higher levels than in WT cells.
However, the GLTs corresponding to the new constant regions
were significantly reduced. These data suggest a defect in the
transcriptional response of the GLTs after stimulation with
LPS/IL-4.

Since activation of the GLTs is a prerequisite for CSR, we
assessed the ability of PTIP™ B cells to undergo CSR by using
either LPS/IL-4 or anti-CD40/IL-4 (Fig. 3). With either stim-
ulus, CSR was significantly inhibited, but not completely abol-
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FIG. 2. Expression analysis in wild-type and PTIP mutant B cells.
(A) Western blot analysis for AID, Pax5, and Actb proteins in whole-
cell lysates from unstimulated splenic B cells and from WT and PTIP™
B cells 72 h after stimulation with LPS/IL-4. (B to F) Quantitative
reverse transcription (RT)-PCR of cDNAs from unstimulated WT B
cells, WT B cells stimulated with LPS/IL-4, and PTIP™ B cells stimu-
lated with LPS/IL-4 is shown as relative expression units. The tran-
scripts are AID mRNA, In-Cp (p GLT), Iy1-Cyl (yl GLT), and
In-Cy1 (postrecombination transcript for y1).

ished, in the PTIP™ B cells. After LPS/IL-4 stimulation, the
percentage of WT double-positive B220/IgG1 cells was 10.4%),
compared to 2% in PTIP™ B cells. The percentages of B220/
IgG2b double positives were 14.4 and 8.7% in WT and PTIP ™

MoL. CELL. BIOL.

B cells, respectively, although untreated cells had a high back-
ground (7%) for the IgG2b marker. After anti-CD40/IL-4
treatment, the percentages of B220/IgG1 double positives were
26.6 and 8.7% in the WT and PTIP~ B cell populations, re-
spectively. Thus, loss of PTIP function significantly suppresses
the ability of B cells to undergo CSR in response to LPS/IL-4
or anti-CD40/IL-4.

PTIP mediates histone methylation within the IgH locus.
Given the association of PTIP with a KMT2C/D histone meth-
ylation complex, we examined the patterns of H3K4me3 by
chromatin immunoprecipitation (ChIP) near the y1 promoter
for the GLT, upstream of the IgG1 constant region after stim-
ulation with LPS/IL-4 (Fig. 4). Primer pairs spanning the re-
gion around the transcription start site showed the highest
levels of H3K4me3 near the start site and immediately down-
stream (Fig. 4C, primer pairs G to J). Levels of H3K4me3
increased from 48 to 96 h after stimulation with LPS/IL-4.
However, PTIP™ B cells did not show an increase in H3K4me3
at the same sites, even 96 h after stimulation (Fig. 4B). We also
examined the localization of Pax5 by ChIP in WT and PTIP™
B cells. As described previously, Pax5 bound strongly to the hs4
site of the 3" enhancer region of the IgH locus (Fig. 4D, primer
pair K). Pax5 was also found close to the y1 GLT promoter
after stimulation (Fig. 4D, primer pairs E and F). However, in
PTIP™ B cells, Pax5 binding to the y1 promoter was reduced to
background levels. These data suggest that PTIP cooperates
with Pax5 to impart H3K4me3 marks near the promoters of
the GLTs to regulate CSR. We next examined PTIP, Pax5,
RbbpS5, and H3K4me3 levels around 2 different GLT promoter
regions and the 3’ enhancer before and after stimulation by
LPS/IL-4 (Fig. 5). At both y1 and the y2b GLT promoters,
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FIG. 3. Flow cytometry of untreated or stimulated B cells. WT and PTIP™ resting B cells were cultured for 4 days either untreated or stimulated
with LPS/IL-4 or anti-CD40/IL-4 («CD40/IL4) as indicated. Cells were stained for the B cell marker B220 and for surface expression of IgG1 (left)
or IgG2b (right). WT cells efficiently undergo CSR when stimulated with LPS/IL-4 or anti-CD40/IL-4 compared to cells cultured without B cell
receptor cross-linking agents. Note that the loss of PTIP results in a significant decrease in CSR to IgG1 compared to that in the WT when
stimulated with LPS/IL-4 (from 10.4% to 2.08%) or anti-CD40/IL-4 (from 26.6% to 8.73%). CSR to IgG2b was also decreased in the PTIP™ B

cells compared to the WT (from 14.4% to 8.68%).
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FIG. 4. H3K4 methylation near the switch region of the Ig locus. (A) Diagram of IgH locus (not to scale) in resting splenic B cells. Each heavy
chain isotype (except D) possesses an intervening exon, I; a switch region containing repeats, S; and a constant region, C. The p constant region
has an upstream enhancer (Ep). The spliced GLTs are below the I and C regions of each isotype. Arrows indicate the direction of VDJ and GLT
transcription. The open circles represent the 4 hypersensitive sites present at the 3" regulatory region. (B) Location of the primer pairs used for
ChIP assays around the Iyl transcription start site. (C) ChIP assay for H3K4me3 with untreated B cells, WT B cells stimulated by LPS/IL-4 for
48 or 96 h, or PTIP™ B cells stimulated for 96 h. Primer pairs surrounding the Iyl transcription start site show H3K4me3 enrichment at the
transcriptional start site was increased in WT cells treated for 96 h compared to cells treated for 48 h. The highest peaks of enrichment were found
in primer sets G to H, which cover the Iyl and Syl promoters. The PTIP™ B cells showed decreased H3K4me3 even after 96 h of stimulation with
levels at or below those of the WT cells after 48 h of stimulation. Untreated cells had levels below 0.2% of input. (D) ChIP assays of Pax5 as in
panel C with additional primer pair K, which shows Pax5 binding to hs4 of the 3’ regulatory region. Pax5 enrichment at Iyl is maximal with primer
set F and correlates with LPS/IL-4 stimulation and CSR. Loss of PTIP in resting B cells results in a decrease of H3K4me3 of the Iyl and Sy1 and

decreased Pax5 binding.

stimulation of WT B cells resulted in increased Pax5, PTIP,
and RbbpS5 localization and increased H3K4me3 near the GLT
promoters (Fig. 5A to C). However, PTIP~ B cells showed
significantly reduced levels of PTIP, Rbbp5, and H3K4me3 at
the same regions. Surprisingly, in the PTIP™ cells the y1 and
v2b promoter regions also showed a reduction of Pax5 local-
ization, as did the 3’ enhancer (Fig. 5D). These data are in-
consistent with a simple model whereby Pax5 recruits PTIP
and suggest a more complex scenario in which PTIP may sta-
bilize Pax$ interactions with the switch region promoters.
PTIP mediates long-range chromatin interactions. To more
directly examine the relationship between Pax5 and PTIP
and its impact on the GLT promoter regions, we tested for
Pax5 binding to the sequences where Pax5 was detected by
ChIP analyses (Fig. 6A to C). Using recombinant paired

domain proteins and fragments corresponding to the +yl
promoter and the 3" enhancer, strong in vitro Pax5 binding
was observed to the hs4 3’ enhancer fragment, as described
previously (Fig. 6B). However, there was at least 50-fold less
Pax5 binding to the vyl fragment F, which showed Pax5
localization by ChIP. We also examined specificity by bind-
ing the paired domain to an optimal Pax5 site and used
DNA sequences from the switch region GLT promoters or
the hs4 site from the 3’ enhancer as competitors (Fig. 6C).
Only the 3’ enhancer sequence at hs4 was able to signifi-
cantly compete for Pax5 binding. Thus, very poor or no
binding of Pax5 was observed to the DNA sequences in and
around the GLT promoters. Yet in WT B cells, our ChIP
assays show that Pax5 localizes to the GLT promoter regions
upon stimulation.
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FIG. 5. PTIP and Pax5 colocalize to the switch regions. ChIP assay demonstrating LPS/IL-4-dependent H3K4me3 and Pax5-PTIP complex
association at Iy1, Iy2b, and hs4 in PTIP~ and WT B cells, either untreated or stimulated for 72 h. (A) H3K4me3 enrichment is decreased by more
than 50% in PTIP~ compared to WT controls at the Iy1/5" Syl region (primer pair H). Note that H3K4me3 is LPS/IL-4 dependent. (B) Pax5,
PTIP, Rbbp5, and H3K4me3 are enriched after stimulation using primer pair F, which is upstream of the Iyl region. Loss of PTIP results in a
decrease of H3K4me3 enrichment correlating with the decrease of Pax5 and Rbbp5 at primer F. (C) Changes in enrichment of Pax5, PTIP, Rbbp3,
and H3K4me3 at primer pair L upstream of Iy2b in PTIP™ B cells. Pax5, PTIP, Rbbp5, and H3K4me3 association at L is stimulation dependent.
PTIP™ cells show loss of enrichment of Pax5, Rbbp5, and H3K4me3 upstream of 1y2b, as seen with Iy1. (D) ChIP assays for Pax5 binding site hs4
at the 3’ regulatory region using primer pair K. Pax5 enrichment at K is increased upon stimulation, but is significantly decreased in PTIP™ cells.
LPS/IL-4 stimulation of cultured WT cells results in PTIP and Rbbp5 being recruited to the hs4 site, but this complex is decreased in PTIP™ cells

along with H3K4me3.

The localization of Pax5 to the GLT start sites could be the
result of long-range chromatin interactions involving Pax5
from the 3" enhancer and the GLT promoters. Such chromatin
looping has been described for the IgH locus (17). Thus, we
examined whether PTIP deletion affects the ability of the 3’
enhancer hs4 site to interact with the GLT promoters using the
3C chromatin capture assay (Fig. 7). Chromatin from WT and
PTIP™ B cells was cross-linked, digested with HindIII, reli-
gated under dilute conditions, and subject to PCR analysis with
primers specifically designed to detect interactions between
distant elements (Fig. 7A). Upon stimulation with LPS/IL-4,
the interactions between the 3’ enhancer and both the y1 and
v2b promoter regions are readily detected in WT B cells but
are significantly reduced in PTIP™ B cells (Fig. 7B and C).
Interactions involving the Ew enhancer are unaffected in the
PTIP ™ cells, consistent with the levels of transcription ob-
served from the Cp region in PTIP™ B cells. These data sug-
gest that PTIP helps promote H3K4 methylation in part by

stabilizing higher-order chromatin conformations between the
3" enhancer and the switch region GLT promoters in response
to LPS/IL-4 stimulation.

DISCUSSION

The BRCT domain containing protein PTIP has been linked
to both gene transcription and DNA repair (26). In this report,
we utilize a B-cell-specific deletion to address the role of PTIP
in CSR, a process that requires both transcription regulation
and DNA recombination (35). The loss of PTIP significantly
attenuates CSR in B cells after treatment with LPS/IL-4, a
stimulus that promotes switching to the IgG1 and IgG2b iso-
types. This defect in switching is most likely due to a transcrip-
tional block, as the GLTs corresponding to the new constant
regions are suppressed. Consistent with the role for PTIP in
assembling a histone methyltransferase complex, localized
H3K4me3 at the GLT promoters is also reduced in PTIP™ B
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FIG. 6. Pax5 in vitro binding assays. (A) Probes used for binding assays are shown schematically and correspond essentially to the PCR primer
pairs used for the ChIP assays. In addition, two evolutionarily conserved sequences, csl and cs2, were tested. (B) Electrophoretic mobility shift
assay using probes K and F and decreasing amounts of the recombinant Pax2/5/8 paired domain (Pax-PD). Note strong binding to the 3" enhancer
sequence hs4, with poor binding to the Iyl transcription start region. (C) Electrophoretic mobility shift assay using an optimal Pax5 binding
sequence H2A, recombinant Pax-PD, and competitor DNAs. At a 10-fold molar excess, only the 3" enhancer sequence K is able to effectively
compete for binding to the Pax-PD.

cells. These data are consistent with a recent report from
Daniels et al. (10), which also demonstrated an effect on CSR
in PTIP mutant B cells. However, we have taken this observa-
tion further and now demonstrate a specific link to Pax5 and to
higher-order chromatin-remodeling events that are likely to
determine transcription from the switch region promoter.

In response to cytokine stimulation and receptor cross-link-
ing, the GLTs that correspond to specific isotype constant
regions are transcribed and are required for the initiation of
CSR. In our PTIP™ B cells, the failure to switch to IgG1 is
most likely due to a transcriptional defect of the y1 GLT.
Activation of the yl promoter appears to be mediated by

A B

NF-«B (20, 38) and STAT6 (21) binding near the GLT start
site. We have shown significant increases in H3K4me3 at the
GLT promoter regions in response to LPS/IL-4 stimulation.
For IgGl, this increase is dependent upon PTIP and is coin-
cident with PTIP and Pax5 localization to the yl promoter
region in vivo. Given that this promoter does not contain func-
tional Pax5 binding sites, based on our in vitro assays, we
propose that Pax5 bound at the 3’ enhancer site hs4 is brought
to the y1 promoter by chromatin looping in a PTIP-dependent
manner. Upon stimulation of B cells, Pax5 chromatin immu-
noprecipitates to the yl promoter, while the ChIP signal at the
3’ enhancer is actually decreased over time. This is likely to

D -—
’
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FIG. 7. Chromatin conformation capture (3C) assays. (A) Schematic of the 3C assay with primer pairs designed to measure the chromatin
configurations A’ to E’ after HindIII digestion and religation. The IgH locus (top) shows locations of relevant HindIII sites (open circles) near Ep,
Iy1, and hs44. A’ to D’ are primer pairs that span the cut and religated HindIII sites, demonstrating potential close interactions. Control F’ spans
the En HindlIII site amplifying the uncut DNA. The Gapdh locus (bottom) is used as a positive control, where the E’ primer pairs measure the
ligation efficiency of the 3.5-kb fragment. (B) Agarose gels of primer pairs used in panel A. Note, the A" and B’ PCR products are reduced in
PTIP™~ B cells after stimulation, indicating that the 3’ enhancer is not interacting with the Iyl and Iy2b start site efficiently. Primer pairs C’ to E’
are unaffected in PTIP™ B cells, suggesting that the Eu/hs4, and Ep/Iyl interactions are not affected in PTIP™ B cells. The ligation efficiencies
of a 3.5-kb Gapdh fragment are similar in all samples (E’), and equal amounts of DNA were used in all reactions (F'). E’ allows for equal loading
by measuring uncut DNA in all samples. (C) Quantitative PCR analysis of primer pairs A’ to F’ using >?P-labeled primers and phosphorimaging
of the appropriately sized PCR products. The PCR products A’ and B’ are reduced 8- to 10-fold. Experiments were performed independently in
duplicate, with representative data shown.
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FIG. 8. Model of PTIP-dependent chromatin interactions. In untreated B cells, Pax5 binds to the hs4 site with lower affinity. Upon LPS/IL-4
stimulation, PTIP stabilizes Pax5 binding and promotes chromatin looping to either the Iyl or Iy2b transcription start site, where the KMT2D
histone methyltransferase complex is recruited. Interactions at the specific start sites are likely to depend on other factors that bind directly to

sequences upstream of the start sites and may also interact with PTIP.

reflect limited cross-linking such that upon DNA looping, Pax5
is linked to either the 3’ enhancer or the y1 promoter complex
but not both. Thus, our model would predict that upon stim-
ulation, PTIP helps stabilize Pax5 binding at the 3’ regulatory
region and brings this region to the promoter of the GLTs,
perhaps through interactions with proteins bound at the pro-
moter, such as STAT6 or NF-kB (Fig. 8). This is consistent
with the inability to see higher-order DNA associations be-
tween hs4 and the y1 or y2b promoters by using the chromatin
conformation capture assay in PTIP-deficient B cells. Given
the phospho-serine binding domains of PTIP, it is possible that
stimulation phosphorylates Pax5 and the promoter-bound pro-
teins to facilitate PTIP recruitment to chromatin. The need for
stimulation in HEK293 cells is not evident for PTIP-Pax inter-
actions, because Pax protein overexpression already results in
a strong basal level of phosphorylation (4).

Our model would predict that CSR and the GLTs are also
dependent on the 3’ enhancer, which contains 4 DNase I-hy-
persensitive sites. Indeed, there is significant experimental ev-
idence that the 3’ enhancer is essential for CSR and for reg-
ulating the GLTs. An initial deletion spanning 3.5 kb of the 3’
enhancer inhibited switching to all isotypes except IgG1 (9).
Subsequent deletion of the DNase-hypersensitive sites hs3A
and hs1,2 did not show significant attenuation of CSR (32).
However, deletion of hs3b and hs4 significantly affected IgG3
and IgA isotypes and corresponded to a decrease in transcrip-
tion from the GLT promoters (29). Further definition of the 3’
enhancer revealed that deletion of the entire 28-kb sequence
containing all four hypersensitive sites affected GLTs from
most, but not all, switch region promoters, with the o promoter
being the least affected (11, 12). Interestingly, in a mouse line
carrying an IgH bacterial artificial chromosome (BAC) trans-
gene inserted near the endogenous IgH locus, the endogenous
3" enhancer could rescue some of the CSR defects by rear-
ranging the transgenic VDJ with the endogenous Cy. These
data, argue for an essential role of the 3’ enhancer in regulat-
ing GLTs. This point is underscored by the observation that
the 3’ enhancer is able to directly interact with upstream pro-

moter elements through potential chromatin looping mecha-
nisms (17, 40).

The data presented here argue for a model in which Pax$,
bound to the 3’ enhancer, complexes with the different up-
stream GLT promoter elements, depending upon which stim-
ulus and which isotype are selected for switching. This model
may be analogous to that of the locus control region of the
globin genes, which has the ability to regulate multiple genes in
cis, but only at one gene at a time through direct DNA looping
mechanisms (14, 39). Alternatively, the H3K4me3 marks may
be prerequisites for interactions between Pax5 and GLT pro-
moters, independent of PTIP localization to the actual DNA
sequences. In other words, the failure to maintain H3K4me3
levels could prevent higher-order chromatin conformations.

Mammals have multiple H3K4 methylation protein com-
plexes, including the KMT2A-D (MLL1 to -4) and
the KMT2F/G (hSet1A/B) complexes that are homologous
to the COMPASS complex first described in yeast (25). To
date, the best studied of these is KMT2A (MLLI1), which
regulates Hox gene expression and is responsible for H3K4me
at about 5% of all promoters in mouse embryo fibroblasts (37).
Thus, the remaining promoters are likely to interact with dif-
ferent KMT2s. However, PTIP has only been associated with
the KMT2C/D complexes (7, 16). In cell culture assays, PTIP
links the H3K4 methyltransferase complex to sequence specific
DNA binding proteins (28), such as Pax2 and Pax5. The PTIP
germ line mouse mutant phenotype is more severe and earlier
in embryonic development than any single Pax gene mutation
or KMT?2 gene mutation (6), suggesting that PTIP may interact
with multiple DNA binding proteins and methyltransferase
complexes. This is consistent with the effects of PTIP deletion
on global levels of H3K4 methylation in mouse embryos (6),
stem cells (19), and Drosophila embryos (13). In our B-cell-
specific PTIP knockout, the KMT2A/B complexes that do not
contain PTIP appear unable to rescue the H3K4 methylation
defect at the GLT promoters, in all likelihood because they
lack the locus-specific DNA binding component to target their
activity to the IgH locus promoters. Precisely how this locus
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specificity is achieved remains to be determined, but the data
in this report clearly indicate a role for PTIP in recruiting
H3K4me3 activity to the GLTs within the IgH locus.

Since the discovery of distal enhancers, how such enhancer
elements communicate with more proximal promoters is
poorly understood. In this report, we have used the IgH locus
as a model to investigate the role of PTIP in transcription
regulation and CSR, events that depend on both proximal and
distal chromosomal elements. PTIP is part of a KMT2C/D
H3K4 methyltransferase complex and is essential for develop-
ment and lineage specification in mice and flies. The data
presented provide the first evidence that PTIP is important for
recruiting a KMT2 complex to an endogenous transcription
start site and for the communication between a promoter and
a distal enhancer. This communication is likely to require Pax5
and results in epigenetic modifications such as H3K4 methyl-
ation at the transcription unit. Still, many questions remain
unanswered, as additional proteins are likely to be involved for
regulating and stabilizing such chromatin interactions.
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