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Abstract
Programmed genetic rearrangements in lymphocytes require transcription at antigen receptor
genes to promote accessibility for initiating double-strand break (DSB) formation critical for DNA
recombination and repair. Here, we showed that activated B cells deficient in the PTIP component
of the MLL3 (mixed-lineage leukemia 3)–MLL4 complex display impaired trimethylation of
histone 3 at lysine 4 (H3K4me3) and transcription initiation of downstream switch regions at the
immunoglobulin heavy-chain (Igh) locus, leading to defective immunoglobulin class switching.
We also showed that PTIP accumulation at DSBs contributes to class switch recombination (CSR)
and genome stability independently of Igh switch transcription. These results demonstrate that
PTIP promotes specific chromatin changes that control the accessibility of the Igh locus to CSR
and suggest a nonredundant role for the MLL3-MLL4 complex in altering antibody effector
function.
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Mixed-lineage leukemia (MLL)–like complexes catalyze mono-, di-, and tri-methylation of
histone H3 at lysine 4 (H3K4me), marks which all strongly correlate with active gene
expression (1), but the direct role and specificity of these complexes during lymphocyte
maturation are unknown. The PTIP (Pax interaction with transcription-activation domain
protein-1, also known as Paxip1) protein stably associates with a subset of MLL-like
complexes containing the MLL3 and MLL4 methyltransferases (2–4), suggesting a role for
PTIP in transcriptional regulation. Embryonic lethality of Paxip1−/− mice at embryonic day
9.5 (5), however, has precluded any further elucidation of its biological function, with the
exception of a role in adipogenesis (6).

Along with possible functions in transcriptional regulation, PTIP contains six BRCT
(BRCA1 carboxy terminal) domains, implicating the protein in the DNA damage response
(7). Indeed, upon treatment with ionizing radiation (IR), PTIP forms nuclear foci dependent
on the γ-H2AX/MDC1/RNF8 damage response pathway and its own BRCT function, and
also physically interacts with the DNA repair factor 53BP1 (7–9). PTIP-deficient cells are
also hypersensitive to irradiation (9–11) and defective in homologous recombination (12).
To what extent PTIP functions directly in double-strand break (DSB) repair, however, is
unclear because loss of PTIP is also associated with defective proliferation (5) and a global
decrease in H3K4me3 (3,13), a chromatin mark of transcription initiation (14–16).

During V(D)J recombination in developing B cells in the bone marrow, recombination-
activating gene 1/2 (RAG1/2)–mediated cleavage and DSB repair by the nonhomologous
end-joining (NHEJ) pathway occur at accessible recombination signal sequence chromatin
in antigen receptor genes and require actively transcribed gene elements (17). In response to
ligand engagement from lipopolysaccharide (LPS), B cell receptor cross-linking, and/or
cytokine stimulation, mature naïve immunoglobulin M (IgM)–expressing B cells in the
periphery proliferate and become activated to undergo class-switch recombination (CSR)
(17,18). This second rearrangement event promotes recombination of an antigen recognition
gene segment with different Igh constant regions to interact with different cell surface
receptors for successful clearance of a pathogen (17,18). During CSR, transcription of
immunoglobulin heavy-chain (Igh) switch region chromatin is required for accessibility of
AID (activation-induced cytidine deaminase) (19,20), which leads to formation of DSBs
both at the upstream switch (Sμ) region and one of the downstream switch regions (Sγ3,
Sγ1, Sγ2b, Sγ2a, Sε, or Sα) (18). Subsequently, synapsis and DNA repair of the two switch
regions are mediated by γ-H2AX/53BP1 and NHEJ proteins, leading to a recombined Igh
locus (21). Given that DNA rearrangements in B lymphocytes require transcription and
DNA repair at immunoglobulin genes and that PTIP is implicated in both of these processes,
we investigated PTIP function in CSR.

Genome-wide H3K4me3 in LPS-stimulated PaxipΔ/Δ and control B cells
To determine how changes in histone H3K4 methylation regulate mature B cell
differentiation, we used chromatin immunoprecipitation coupled with Illumina sequencing
(ChIP-Seq) to compare genome-wide H3K4me3 profiles of resting murine B cells with B
cells stimulated with LPS and antibody against IgD conjugated to dextran (αIgD-dextran,
herein referred to as LPS stimulation), mitogens known to induce rapid proliferation and
activation ex vivo. We observed that 1014 regions across the genome display more than a
fourfold increase in H3K4me3 after LPS stimulation (fig. S1A and table S1). Only 13.2% of
these LPS-induced H3K4me3 regions were localized within 4 kb of known transcriptional
start sites, suggesting that LPS stimulation may initiate transcription at many
uncharacterized genomic regions (fig. S1B).
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Several genes whose transcripts are LPS inducible in B lymphocytes (18) displayed
increased H3K4me3 upon LPS stimulation, including Il6, the Igh switch regions, and Aicda
(encodes activation-induced cytidine deaminase) (fig. S1, C to E). In contrast, c-myc, which
is induced during B cell activation but displays promoter-proximal polymerase II (Pol II)
pausing (22), displayed similar H3K4me3 profiles in both resting and LPS-stimulated B
cells (fig. S1E). These data support the notion that although c-myc may be poised for
induced expression in mature B cells, Aicda, Il6, and the Igh switch regions are devoid of
H3K4me3 until B cell activation, thereby comprising a different group of tightly regulated
genes that have predominant control mechanisms that normally prevent initiation (15).

To investigate the genetic requirements and biological impact of LPS-induced H3K4me3,
we crossed Paxipfl/fl mice with CD19-cre mice to generate B cell–specific PTIP knockout
mice. Analysis of Cd19-cre Paxipfl/fl splenic B cells (herein referred to as PaxipΔ/Δ B cells)
revealed reduced PTIP protein and transcript expression while displaying near-normal
CD19+ B cell numbers and frequency of surface IgM+ cells (fig. S2, A to D). In contrast to
primary fibroblasts and embryonic stem cells (5), PTIP-deficient B cells proliferated in a
manner similar to that of controls in response to either LPS or LPS and interleukin-4 (IL-4)
(fig. S2E). Together these data suggest that PTIP is largely dispensable for B cell
development and cell cycle progression.

Normal proliferation of PaxipΔ/Δ B cells suggested the possibility of a more limited role for
PTIP-mediated histone methylation in B cells compared to the global reduction of
H3K4me3 observed in developing tissues (3,13). We found that only six regions (Igh-γ2b,
Igh-γ3, Slit3, Il6, Paxip1, and mRNA AK191783/Cacna1e) in PaxipΔ/Δ B cells displayed
more than a fourfold decrease in H3K4me3 compared to controls, and 10 regions displayed
more than a threefold decrease in H3K4me3 (Fig. 1A and fig. S3, A and B). No regions
displayed consistently increased H3K4me3 in PaxipΔ/Δ B cells (fig. S3A). Consistent with
PTIP deficiency in PaxipΔ/Δ cells, the Paxip gene itself also displayed reduced H3K4me3
(Fig. 1A) because of Cre-mediated deletion of its first exon (3). Taken together, our data
demonstrate a selective role for PTIP in promoting histone methylation in activated B cells.

The Igh-γ2b and Igh-γ3 switch regions showed the greatest decrease in H3K4me3 from
LPS-induced PaxipΔ/Δ B cells (Fig. 1, A and B). Moreover, PaxipΔ/Δ and control B cells
stimulated with LPS and IL-4 displayed PTIP-dependent H3K4me3 at Igh-γ1 (fig. S4),
indicating that PTIP also promotes H3K4me3 at other Igh switch regions under different
conditions of B cell activation. Notably, the PTIP-dependent H3K4me3 at activated Igh
switch regions occurs independently of AID-induced DNA damage (fig. S4), consistent with
H3K4me3 associating with transcription rather than with DNA DSBs (14). PTIP deficiency,
however, had no effect on H3K4me3 marking the Igh-μ enhancer (5′Eμ), μ switch repeat
region (Sμ), or Igh-ε switch repeat region (Sε) under either stimulation condition (Fig. 1B
and fig. S4), demonstrating the specificity of PTIP-mediated histone methylation. Normal
H3K4me3 across the 5′Eμ region is consistent with the normal surface IgM expression
observed on PaxipΔ/Δ B cells (fig. S2D).

Ig class-switching defects in PaxipΔ/Δ B cells
Aberrant regulation of Igh switch regions and Il6 have well-established implications for
mature B cell function (18,23). To understand the physiological relevance of PTIP-
dependent H3K4me3 at Igh switch regions, we examined Ig class switching. Upon LPS
stimulation, PaxipΔ/Δ B cells displayed 14- and 4.8-fold decreases in the frequency of IgG3
and IgG2b switching, respectively (Fig. 2A and fig. S5, A and B). PaxipΔ/Δ B cells also
displayed a 2.6-fold decrease in IgG1 switching upon LPS and IL-4 stimulation (Fig. 2A and
fig. S5, A and B). When CSR was assayed directly from genomic DNA of B cells stimulated
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with LPS and IL-4, PaxipΔ/Δ B cells displayed a similar defect in the level of Sμ-Sγ1 switch
junctions (fig. S5C). As expected, PaxipΔ/Δ B cells showed normal cell proliferation (figs.
S2E and S5, A and B) and cell survival (fig. S5D). We conclude that PTIP is critical for
IgG3, IgG2b, and to a lesser extent, IgG1 class switching.

IL-6 was further analyzed because it can function in both antibody secretion and the
development and tumorigenesis of plasma cells (23) (Fig. 1A). We found that H3K4me3 at
Il6 was both LPS inducible and PTIP dependent (fig. S1C and Fig. 2B) and that mRNA
expression of Il6 was also impaired in PaxipΔ/Δ B cells (Fig. 2C). These defects, however,
had no apparent effect on plasma cell differentiation ex vivo, as monitored by CD138
surface expression (Fig. 2D). Moreover, the IgG3 class-switching defect in PaxipΔ/Δ B cells
was not rescued with exogenous recombinant IL-6 in the culture medium (fig. S6).

PTIP promotes Ig switch region transcription initiation
For most actively transcribed genes, H3K4me3 and Pol II accumulate within 2 kb of the
transcription start sites (24). In contrast, H3K4me3 peaks at Igh switch regions are more
broad, spanning up to 7 kb downstream of the germline transcript promoter, and include the
mutagenic switch repeats and downstream of the switch region (Fig. 1B and figs. S4 and S7,
A and B) (25). This broad H3K4me3 distribution at switch regions correlates with observed
accumulation of Pol II at switch regions (Fig. 3A) (25,26). Therefore, we considered
whether PTIP might be important for elongation or splicing of switch transcripts. To
investigate whether PTIP regulates transcription of Igh switch regions, we measured
germline switch transcripts that had been spliced from the initiating (I) exon located 5′ of the
switch region to the constant (C) exon located 3′ of the switch region from stimulated
PaxipΔ/Δ and control B cells (Fig. 3B). IgM-expressing B cells express a μ sterile transcript,
and we found that PaxipΔ/Δ B cells displayed near-normal μ switch transcript amounts in
both conditions (Fig. 3B). This is consistent with the normal H3K4me3 patterns at Eμ and
Sμ in the absence of PTIP (Fig. 1B and fig. S4). In contrast, both γ3 and γ1 spliced switch
transcripts, important for IgG CSR, were severely impaired in PaxipΔ/Δ B cells under their
respective stimulation conditions (Fig. 3B). Spliced transcripts at Igh-ε were unchanged in
PaxipΔ/Δ B cells (fig. S7C), consistent with no change in H3K4me3 at this switch region in
the absence of PTIP (fig. S4).

To further delineate at which stage PTIP functions in promoting Igh-γ germline switch
transcript expression, we also assayed for unspliced and initiating switch transcripts.
PaxipΔ/Δ B cells showed similar deficiencies both in unspliced (fig. S7D) as well as in
initiating switch transcripts (Fig. 3B) as were observed for spliced switch transcripts when
we assayed across the IγCγ exon junction (Fig. 3B). We conclude that PTIP functions at a
stage preceding pre-mRNA splicing to promote initiating Igh switch transcript expression.

In yeast, evidence suggests that initiating Pol II recruits the H3K4 methylase activity to
mark transcription start sites (14). To test whether PTIP promotes Igh switch region
transcripts at the level of Pol II association or downstream of pre-initiation complex
assembly, we performed Pol II ChIP-Seq on PaxipΔ/Δ and control B cells stimulated with
LPS. At Igh, although no major changes were observed at the μ, δ, or 3′ α enhancer (Eα)
regions, Pol II association was severely impaired at both Igh-γ2b and γ3 regions (Fig. 3A).
Furthermore, at the other sites displaying PTIP-dependent H3K4me3, including Il6 and
Paxip itself, Pol II association was also impaired (fig. S8). We conclude that, upon LPS
stimulation, PTIP is required for Pol II association at downstream switch regions along with
a subset of the other regions displaying PTIP-dependent H3K4me3.

Histone acetylation facilitates decondensation of chromatin, which may promote
transcriptional activation by increasing the accessibility of transcription factors and Pol II to
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promoters (27). To better understand the mechanism for PTIP-dependent Pol II association
at Igh switch regions and other PTIP-affected regions, we performed ChIP-Seq for a number
of histone acetylation marks (H2BK5ac, H3K9ac, H3K27ac, and H4K8ac) along with the
H3K36me3 mark associated with transcription elongation (24). At Igh, our data indicate that
PTIP is required for all of these histone modifications at activated switch regions, and,
similar to H3K4me3 and Pol II, PTIP is dispensable for these modifications at the μ, δ, and
3′Eα regions (Fig. 4 and fig. S9). Thus, loss of H3K4me3 correlates with impaired histone
acetylation. Although PTIP is also required for H3K4me2 at activated Igh switch regions
(fig. S9), the H3K4me1 mark was present similarly across the Igh locus in both PaxipΔ/Δ

and control B cells (fig. S9), indicating that PTIP is required for most but not all chromatin
signatures of Igh switch region transcription. This PTIP dependency for other histone
modifications largely holds true for all regions displaying PTIP-dependent H3K4me3 (fig.
S8). Taken together, our results indicate that loss of PTIP correlates with impaired
H3K4me2/3, histone acetylation, and Pol II association and suggest that chromatin
accessibility at Igh switch regions may be regulated by a hierarchy of histone modifications.

To test whether PTIP-dependent H3K4me3 in activated B cells is directly mediated by the
PTIP-associated methyltransferase complex, we performed genome-wide association
analysis of PTIP and the shared MLL-like complex component, ASH2, using ChIP-Seq.
Substantial enrichment of PTIP was observed at 9647 islands in LPS-stimulated control B
cells, and localization was substantially enriched at promoter regions (fig. S10, A and B). By
comparison, ASH2 binding in LPS-stimulated B cells was observed at 27,806 islands and
was also enriched at promoter regions (fig. S10, A and B). Although the majority (78.6%) of
LPS-induced H3K4me3 that we identified earlier (Fig. 1A and table S1) also displayed
ASH2 binding (fig. S10C), only 27.8% show direct PTIP binding (fig. S10C), suggesting
that PTIP function in gene expression during B cell activation may be very limited. Notably,
nearly all (94.7%) of the LPS-induced H3K4me3 sites showing PTIP binding also displayed
ASH2 binding (fig. S10C). These data are consistent with PTIP associating with an MLL-
like complex, which colocalizes with H3K4me3 marks at transcription start sites (1–4).
These data also suggest that PTIP may be important for targeting the MLL3-MLL4 complex
to a subset of genomic loci. Indeed, substantial PTIP and ASH2 ChIP-Seq colocalization
was observed at five of the six regions displaying PTIP-dependent H3K4me3, including Igh-
γ3, Igh-γ2b, Il6, Slit3, and Paxip itself (Fig. 4 and figs. S8 and S11A).

By comparing resting and stimulated B cells, we also found that PTIP and ASH2
localization at Igh switch regions was dependent on LPS stimulation (Fig. 4 and fig. S11A),
suggesting that the PTIP-associated complex is actively recruited to the Igh locus during B
cell activation. Consistent with these data, localization of PTIP and another shared MLL-like
complex component, RBBP5, was also observed near the Igh-γ1 transcription start site in
LPS- and IL-4–stimulated B cells using ChIP-qPCR (fig. S11B). Furthermore, RBBP5
localization at Igh-γ1 was dependent on PTIP (fig. S11B), suggesting that PTIP is required
for targeting the methyltransferase complex to Igh switch regions. As a specificity control,
we did not observe enrichment of PTIP by ChIP-qPCR (quantitative polymerase chain
reaction) near the Igh-γ1 transcription start site in LPS- and IL-4–stimulated mouse
embryonic fibroblasts (MEFs) (fig. S11C). We conclude that PTIP-dependent H3K4me3 at
Igh-γ3, Igh-γ2b, and Igh-γ1 in stimulated B cells results from direct association of the PTIP-
associated H3K4 methyltransferase complex nearby their transcription start sites.

PTIP accumulation at DNA breaks contributes to CSR independently of its
role in transcription

AID expression is required for mutations at Igh switch regions and for CSR (28–31);
however, AID protein expression was similar in PaxipΔ/Δ and control B cells (Fig. 5A),
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consistent with normal H3K4me3 and Pol II at the Aicda locus in PaxipΔ/Δ B cells (fig.
S1E). Similarly, we observed no major differences in H3K4me3, Pol II association, or
expression of genes implicated in CSR, suggesting that disruption of Paxip does not cause
indirect expression defects in known CSR-related factors (fig. S12, A and B). Moreover, a
similar frequency of mutations was observed in PaxipΔ/Δ B cells in a region immediately 5′
of the Sμ repeat sequence (Fig. 5B), suggesting that AID targeting and mutation at Sμ
occurs independently of PTIP.

PTIP-mediated changes in Igh chromatin structure could also affect NHEJ of broken switch
regions. To directly assay for alterations in DNA repair, we analyzed switch recombination
junctions from successfully class-switched IgG1-positive B cells. We found that Sμ-Sγ1
junctions were indistinguishable between PaxipΔ/Δ and control, showing no differences in
the amount of donor/acceptor homology at the junctions, suggesting that classical NHEJ is
proficient in PaxipΔ/Δ B cells (fig. S13). Nevertheless, B cells with CSR-related DNA repair
deficiencies show Igh-associated DNA breaks and general genomic instability (21,32,33).
Indeed, we found that 8.3% of metaphases from PaxipΔ/Δ B cells showed general genomic
instability outside of the Igh locus, compared to 3.8% in control cells, marked by
chromosome breaks, chromatid breaks, and translocations (Fig. 5C). Furthermore, 0.9% of
PaxipΔ/Δ metaphases displayed Igh-associated instability compared with none in control
cells (Fig. 5C). We conclude that PTIP suppresses both general and Igh-associated genomic
instability in B cells. DNA breaks and translocations at Igh may arise from AID-induced
mutations at the μ, γ3, and γ2b regions because these are the transcriptionally active switch
loci upon LPS stimulation (17,18,21). Given that AID is targeted to the upstream Sμ region
(Fig. 5B) while transcription (and presumably accessibility) of downstream (Sγ) switch
regions is impaired (Fig. 3, A and B), we presume that the observed Igh instability in PTIP-
deficient cells is the result of unresolved AID-dependent breaks at Sμ.

53BP1 accumulates at sites of AID-induced Igh breaks and promotes DNA end-joining
during CSR (21). We further examined a role for PTIP in DNA repair of CSR-associated
breaks because PTIP contains six BRCT domains and can physically interact with 53BP1. A
mutation of Trp663 to Arg (W663R) within BRCT domain 3 (BRCT3) of PTIP abolishes
irradiation-induced foci formation of PTIP (8,11), demonstrating the critical importance of
this residue in targeting PTIP to DNA DSBs. To test whether accumulation of PTIP at sites
of AID-induced DNA damage plays a role in Ig class switching, we generated retroviral
expression constructs for B cell infection containing either control or W663R mutant PTIP
and IRES-GFP (green fluorescent protein) to label the infected cells. After verifying that our
ectopically expressed PTIP protein accumulated at sites of DSBs and the W663R mutant
retrovirus expressed a DNA damage foci-defective PTIP mutant (Fig. 5D), we infected
stimulated PaxipΔ/Δ B cells with retrovirus expressing either wild-type control or W663R
mutant and measured class switching. First, comparing switching in GFP+ and GFP− cells
infected with control retrovirus indicated that both IgG3 and IgG1 class-switching defects
observed in PaxipΔ/Δ B cells are fully rescued (Fig. 5E), demonstrating that ectopic PTIP
expression is functional. In contrast, the W663R mutant retrovirus restored IgG3 and IgG1
class switching only to 52% and 66%, respectively, of switching restored by control
retrovirus (Fig. 5, E and F). This difference in the efficiency of rescue is not caused by
impaired PTIP or γ3 spliced switch transcript amounts (Fig. 5G). These data indicate that the
defect in class switching observed in W663R mutant B cells, unlike that in PaxipΔ/Δ B cells,
is not due to aberrant germline switch transcription.

Mutation of W663 or any of the four C-terminal BRCT domains abolishes IR-induced
53BP1 coprecipitation with PTIP (8,11). To determine whether disruption of Paxip or W663
impairs 53BP1 accumulation at Igh in B cells undergoing CSR, we infected PaxipΔ/Δ B cells
with either W663R mutant or control retrovirus and processed the cells for
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immunocytochemistry–fluorescence in situ hybridization (FISH) to visualize protein and
DNA simultaneously (30). W663R mutant and control B cells showed a similar percentage
of 53BP1/Igh colocalizing (Fig. 5H), suggesting that defective CSR in the W663R mutant
was not caused by impaired 53BP1 accumulation at Igh. These data support our
observations (fig. S14) and those of others (11) that PTIP is dispensable for IR-induced
53BP1 foci formation in MEFs.

Discussion
Observations from mice with Igh switch promoter deletions and subsequent biochemical
studies (17–20) have together demonstrated that switch-region transcription targets AID
activity to Igh and is required for AID-dependent DSB formation and class switching (fig.
S15, step 3). Histone modifications at the Igh locus and interactions with the transcription
machinery have been suggested to be important for AID accessibility and targeting
(25,34,35), but there has been little genetic evidence to support this notion. Our experiments
call attention to PTIP as a critical factor for directly mediating histone modifications and
promoting transcription initiation of germline Igh switch regions to target AID activity and
also functioning, subsequently, in the repair of AID-induced DNA breaks.

PTIP promotes Igh switch transcription initiation
We propose that the downstream Igh constant region locus, as a cluster of gene segments
that lack H3K4me3, Pol II, and transcription initiation, is an example of a tightly repressed
gene cluster (15) that, upon B cell stimulation, requires PTIP to alleviate regulatory
mechanisms that ensure proper targeting and stability of the switch regions (36). Because
disruption of PTIP does not appear to alter MLL3-MLL4 complex integrity (2), our data
suggest that PTIP confers specificity for recruitment of MLL3-MLL4 activity to particular
genomic regions. Based on the observations that PTIP can directly interact with the PAX2
transcription factor (37) and mediate recruitment of H3K4me activity to a PAX2-dependent
promoter (3), we speculate that PTIP-mediated H3K4me results from direct interaction with
DNA-binding transcription factors (fig. S15, step 1) (36). In this model, upon PTIP-
associated MLL3-MLL4 complex recruitment, H3K4me3 is catalyzed at transcription start
sites (fig. S15, step 2). The H3K4me3 mark could then recruit acetylases and chromatin
remodelers that alter chromatin structure at transcription start sites, promoting recruitment
and/or stabilization of Pol II to initiate transcription (fig. S15, step 2). Nevertheless, we
cannot exclude an alternative model in which PTIP stabilizes a transcription factor–DNA
complex at the Igh locus leading to more efficient transcription initiation by Pol II, which in
turn promotes H3K4 di- and trimethylation.

PTIP functions in DNA repair during class switching
γ-H2AX amplifies the DNA damage signal, in part, by accumulating the E3 ubiquitin ligase
RNF8 to promote H2A/H2AX ubiquitination critical for subsequent accumulation of PTIP
to DSBs (9,11). Because CSR-associated DSBs are marked by γ-H2AX foci (30) and both
H2AX- and RNF8-deficient mice also exhibit mild defects in CSR due to DSB repair
defects (38–40), we speculate that, after AID-dependent DSB formation (fig. S15, step 3),
PTIP may act downstream of H2AX and RNF8 to facilitate synapsis and/or repair efficiency
of CSR-associated DNA breaks (fig. S15, step 4). Although DNA damage–induced
accumulation of PTIP promotes efficient Ig class switching, this DNA repair function,
however, cannot entirely account for the severe class-switching defects observed in PaxipΔ/Δ

B cells, which arise to a larger extent from impaired transcription initiation of downstream
Igh switch regions.
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Fig. 1.
Genome-wide H3K4me3 changes in LPS-stimulated PaxipΔ/Δ B cells. (A) Table showing
average fold change decrease of most affected regions from three independent H3K4me3
ChIP-Seq experiments with multiple mice. Values represent control/PaxipΔ/Δ ratios of
sequence tag counts. (B) H3K4me3 ChIP-Seq profiles across the Igh constant region locus
in B cells stimulated with LPS and α-IgD-dextran for 2 days. Data are representative of three
independent experiments. In the illustration, green rectangles indicate constant (C) region
exon segments, blue circles indicate switch (S) regions, orange ovals indicate enhancers (E),
and the black rectangle indicates the antigen recognition V(D)J gene segment. The μ, δ, γ3,
γ1, γ2b, γ2a, ε, and α isotypes correspond to immunoglobulins M, D, G3, G1, G2b, G2a, E,
and A. LPS-induced switch regions are highlighted with orange boxes.
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Fig. 2.
Ig CSR defects in PaxipΔ/Δ B cells. (A) Average percentage of IgG+ B cells from flow
cytometric analyses of ex vivo stimulation (IgG2b+ and IgG3+ from LPS and α-IgD-dextran
and IgG1+ from LPS and IL-4). Each dot represents an individual mouse, and the line
represents the average (IgG2b+: 4.8-fold, P = 0.006; IgG3+: 14.1-fold, P = 0.00000005;
IgG1+: 2.6-fold, P = 0.00003). (B) H3K4me3 ChIP-Seq profiles at the Il6 gene in B cells
stimulated with LPS and α-IgD-dextran for 2 days. A UCSC (University of California Santa
Cruz) gene annotation for Il6 is shown at the bottom. Data are representative of three
independent experiments. (C) PaxipΔ/Δ-activated B cells display decreased Il6 transcript
amounts. RT-qPCR analysis of Il6 transcripts from B cells stimulated for 3 days under the
indicated conditions. (D) Flow cytometric analysis of B cells stimulated with LPS, IL-4, and
IL-5 for 5 days and stained with anti-CD138 as a marker for plasma cells. Numbers indicate
the percentage of total live CD138+ B220low B cells. Data are representative of two
independent experiments.
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Fig. 3.
PTIP promotes Pol II association and transcription initiation at Igh switch regions. (A) Pol II
ChIP-Seq profiles across the constant region locus in B cells stimulated with LPS and α-
IgD-dextran for 2 days. Illustration is the same as in Fig. 1B. LPS-induced switch regions
are highlighted with orange boxes. The lower panel shows the expanded profiles across γ2b,
γ1, and γ3. Black arrows indicate sites of LPS- and α-IgD-dextran–induced transcription at
γ3 and γ2b switch regions. “I” indicates initiating exon segment. (B) Left, illustration
showing location of oligonucleotides used in RT-qPCR. Right, RT-qPCR analysis of spliced
and initiating Igh switch transcripts from B cells stimulated under the indicated conditions
for 3 days. Data are representative of two independent experiments.
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Fig. 4.
PTIP directly localizes to Igh upon LPS stimulation and promotes histone acetylation and
H3K36me3 at activated Igh switch regions. The indicated histone modification (H3K27ac,
H4K8ac, and H3K36me3) and PTIP ChIP-Seq profiles across the Igh constant region locus
in B cells either stimulated with LPS and α-IgD-dextran for 2 days or with no stimulation.
Significant PTIP association is presented as fold change enrichment of control/PaxipΔ/Δ

island tag counts. PTIP ChIP-Seq data in stimulated cells are representative of two
independent experiments. Illustration is the same as in Fig. 1B. LPS-induced switch regions
are highlighted with orange boxes.
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Fig. 5.
PTIP foci formation contributes to Ig class-switching and genome stability. (A) Western blot
of AID and α-TUBULIN from B cells stimulated for 3 days. (B) Sμ mutation analysis of
genomic DNA from CFSE (carboxyfluorescein succinimydyl ester)–labeled B cells sorted
for IgM and five cell divisions after stimulation with LPS for 4 days. Segment sizes in the
pie charts are proportional to the number of sequences carrying the number of mutations
indicated in the periphery of the charts. Frequency of mutations per base pair sequenced and
the total number of independent sequences analyzed are indicated below and in the center of
each chart, respectively. Data are representative of two independent experiments. (C)
Genomic instability analysis of metaphase spreads from B cells stimulated with LPS for 3
days (two mice of each genotype, Paxip+/+: n = 261; PaxipΔ/Δ: n = 218). Abnormalities
specifically associated with the Igh locus (Igh-associated) or with all other chromosomes
(general) are shown. (D) Immunofluorescent images of retrovirally infected MEFs exposed
to 10-Gy irradiation with 4 hours recovery showing PTIP and 53BP1 foci formation. Bar, 20
μm. (E) Flow cytometric analysis of retrovirally infected PaxipΔ/Δ stimulated B cells stained
3 days after infection with IgG antibodies. Numbers indicate the percentages of total live
IgG+ cells in GFP− (no retroviral expression) or GFP+ (retroviral expression) gates. (F)
Average percentage of IgG switching from infection experiments. Data are from four
independent experiments for each condition (*P < 0.05). (G) RT-qPCR of Paxip (top) and
Igh-γ3 switch (bottom) transcripts from retrovirally infected GFP+IgM+ sorted PaxipΔ/Δ B
cells stimulated with LPS. (H) Representative images of sorted B cells stimulated with LPS
and IL-4 for 2 days and stained with α53BP1 antibody (red) before FISH detection of the
Igh-Cα region (green). Among the total number of cells examined, those that contained
53BP1 and Igh-Cα foci were analyzed [GFP− PaxipΔ/Δ, 100 cells; wild-type (WT) control
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GFP+, 89 cells; W663R mutant GFP+, 97 cells]. Coincidence of a 53BP1 focus with one or
both Igh-Cα alleles was detected in 42% of GFP− PaxipΔ/Δ, 30% of WT control GFP+, and
43% of W663R mutant GFP+ cells. Bar, 5 μm.
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