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Abstract

In B lymphocytes, immunoglobulin class switch recombination (CSR) is induced by activation
induced cytidine deaminase (AID) which initiates a cascade of events leading to DNA double
stand break (DSB) formation in switch (S) regions. Resolution of DSBs proceeds through
formation of S-S synaptic complexes. S-S synapsis is mediated by a chromatin loop that spans the
constant region domain of the /g/ locus. S-S junctions are joined via a nonhomologous end joining
DNA repair process. CSR occurs via an intra-chromosomal looping out and deletion mechanism
that is 53BP1 dependent. However, the mechanism by which 53BP1 facilitates deletional CSR and
inhibits inversional switching events remains unknown. We report a novel architectural role for
53BP1 in /ghchromatin looping in mouse B cells. Long range interactions between the Ep and
3’Ea enhancers are significantly diminished in the absence of 53BP1. In contrast, germline
transcript promoter:3’Ea looping interactions interactions are unaffected by 53BP1 deficiency.
Furthermore, 53BP1 chromatin occupancy at sites in the /g/ locus is B cell specific, correlated
with histone H4 lysine 20 marks is subject to chromatin spreading. Thus, 53BP1 is required for
three dimensional organization of the /g/ locus and provides a plausible explanation for the link
between 53BP1 enforcement of deletional CSR.

INTRODUCTION

Immunoglobulin class switch recombination (CSR) is induced by activation-induced
cytidine deaminase (AID) which initiates the formation of DNA double strand breaks (DSB)
in switch (S) regions that flank Cp and downstream Cy regions (reviewed in (1, 2)). DSB
intermediates are resolved via intrachromosomal deletion using a distinct nonhomologous
end joining (NHEJ) pathway (3). A DNA damage response is activated upon introduction of
AID initiated DSBs and leads to formation of repair foci at the /g/ locus which accumulate
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Mre11/Rad50/Nbsl (MRN), yH2AX and 53BP1 (reviewed in (4)). In cells free of DNA
lesions, 53BP1 constitutively binds the chromatin mark histone 4 dimethyl lysine 20
(H4K20me?2), via tandem Tudor domains (5-7). In response to DSBs, 53BP1 is
phosphorylated by ATM and then accumulates at sites of damage in a manner dependent on
phosphorylated H2AX (yH2AX), MDC1 and RNF8 histone ubiquitylation (8-12) and on
histone 4 lysine 20 methyl 2 (H4K20me2) (13). It has been proposed that DNA damage
promotes high affinity binding of 53BP1 to chromatin which in turn amplifies the efficiency
of long range synapsis of broken DNA ends (14). However, deficiencies of ATM, H2AX,
MDC1, MRN or Suv4-20h1,h2, the histone methyltransferases responsible for H4K20
modifications, only modestly reduce CSR frequency as compared to the profound reduction
found in the absence of 53BP1 (15-21). This dichotomy suggests that 53BP1 performs a
function in CSR outside its canonical role in DSB repair.

In mature B lymphocytes, Ig heavy chain effector function is determined by Cp genes and is
diversified through CSR, while maintaining the original antigen binding specificity arising
from V(D)J recombination. The mouse /g/ locus contains a series of eight C genes (u, 8,
v3, v1, y2b, y2ba, e, and ) that are located downstream of the V, D and Jy segments. Each
CH gene (except C8) is paired with a repetitive S region that is a target for CSR. A
transcriptional promoter coupled with an | (intervening) exon is located upstream of each S
region (22). Germline transcription initiates at the | exon, proceeds through the S region and
terminates downstream of the corresponding Cy gene. CSR involves the introduction and
joining of DSBs in Sy and a downstream S region with the concomitant deletion of the
intervening genomic material and generation of Sp-Sx hybrid junctions.

CSR is dependent on three-dimensional (3D) chromatin architecture mediated by long range
intra-chromosomal interactions between distantly located transcriptional elements (23-25).
In resting splenic B cells, the enhancers Eu and 3’Ea that are separated by 220 kb interact
and form a chromatin loop (23). B cell activation leads to cytokine dependent recruitment of
the germline transcript (GLT) promoters to the E:3’Ea complex and enables transcription
of S regions targeted for CSR (23, 26). This looped structure facilitates S-S synapsis since
Sp is proximal to Ep and a downstream S region is co-recruited with the targeted GLT
promoter to El:3’Ea complex.

53BP1 deficiency leads to nearly complete abrogation of long range CSR, and a concomitant
increase of short range intra-S region deletion, degradation of unrepaired DNA ends and to
elevated inversional CSR (14, 17, 27-29). Several models have been proposed to explain
how 53BP1 supports genome integrity and facilitates CSR. 53BP1 may facilitate joining of
distant DSBs by altering local chromatin structure or by increasing chromatin mobility (30,
31). 53BP1 may favor CSR by protecting broken DNA ends in Ig S regions from resection
(28). However, alternative functions are also possible since 53BP1 is a complex domain
structure (32). Based on the observation that ablation of 53BP1 leads to elevated inversional
CSR, we considered the possibility that 53BP1 plays a unique structural role in the 3D
spatial organization of the /g/locus in response to AID induced DSBs.

We used complementing strategies to explore the participation of 53BP1 in CSR and its
functional association with /g/ chromatin. We mapped chromatin interactions across the /gh
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locus using chromosome conformation capture (3C) methods and found that the 3’RR, in
accord with it’s palindromic structure (33), assumes a unique topological configuration and
that Ep preferentially contacts 3’Ea in activated B cells. Strikingly, induction of Ej:3’Ea
looping was significantly reduced in 53BP1 deficient B cells, modestly impaired in the
absence of AID and essentially abolished in 53BP1-/-AID-/- B cells highlighting the
dependency of Ep:3’Ea contacts on AID induced DSBs and 53BP1. In contrast, GLT
promoter:3’Ea contacts are only modestly diminished in activated 53BP1-/-AlID-/- B cells.
Chromatin immunoprecipitation (ChlIP) studies demonstrate that 53BP1 re-distributes across
the /ghlocus in an AID dependent fashion upon B cell activation in accord with a propensity
to spread in chromatin. Our studies have revealed a novel architectural function for 53BP1 in
supporting the 3D structure of the locus that is integrally linked to facilitating S-S synapsis
and promoting completion of the CSR reaction.

MATERIALS AND METHODS

Cell Culture and Statistics

Mice, C57BL/6 (WT) were purchased from Jackson Laboratories, 53BP1-/- and 53BP1-/-
AID-/- mice were gifts from Dr. F. Alt (Harvard), AID"" mice (34) were a gift from Dr. T.
Honjo (Kyoto University). Mice were bred under specific pathogen-free conditions in a fully
accredited animal facility at the University of Illinois College of Medicine. All procedures
involving mice were approved by the Institutional Animal Care Committee of the University
of lllinois College of Medicine or the National Institute of Aging. Splenic B cells were
sorted for CD43- resting B cells using CD43 magnetic microbeads (MACS, Miltenyi) or
were enriched for T cells using the mouse T cell enrichment column kit (MTCC-5, R&D)
and cultured as previously described (23). Splenic T cells were cultured at a density of 5 x
10° to 1 x 108 and stimulated in RPMI and glutamine (4 uM), penicillin-streptomycin
supplemented with FCS (10% vol/vol) and activated with ConcanavalinA (ConA) (5ng/ml)
(15324505, MP Biomedical). To prepare for flow cytometry, B cells activated for 4 days
were washed in HBSS plus 2% FCS and stained with antibodies conjugated with fluorescein
isothiocyanate (FITC-1gG3 -553403, FITC-1gG1 -553443; Pharmingen). The flow
cytometry analyses represented 5000-10,000 events and were gated for live lymphoid cells
determined by forward and side scatter with CyanADP and Summit software (Becton
Dickenson). P values were calculated by using two-tailed Student’s t test.

Chromosome conformation capture (3C) and analysis

Optimized 3C assays for the /ghlocus was performed as described (26). Briefly, cells were
crosslinked with 1% formaldehyde for 8 minutes at room temperature and the reaction was
quenched with glycine. Cleavage with a restriction enzyme is followed by intramolecular
ligation of interacting crosslinked DNA fragments under low concentration conditions. After
ligation, crosslinks were reversed and 3C ligation product concentration determined by
gPCR with primer pairs located at the ends of the relevant restriction fragments. Controls
were performed to confirm the efficacy of the 3C procedure. 3C primers and probes were
designed to avoid strain polymorphisms and primers were designed using Primer Express
software (ABI) (Table S2). Template concentration using the mb1 primers (Table S2) was
determined as previously described (23). The efficiency of Hindlll restriction site digestion
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in chromatin was monitored by real-time PCR analysis using primers spanning specific
restriction sites as described previously (Table S1, Table S2) (26). To control for differences
in primer efficiencies a control template was constructed in which all possible 3C ligation
products are present in equimolar concentration (Table S2). DNA fragments spanning
restriction sites of interest were PCR amplified, mixed in equimolar concentrations, then
digested with Hind 111 and ligated as previously described (26). The ligated mix was added
to genomic DNA that had been digested and ligated, to serve as the 3C control template and
which was used in a standard curve in 3C qPCR analyses. Dilutions of control mix were
assayed under optimized conditions to determine the linear range of amplification (64 to
0.03 pg of ligated mix per 50 ng of genomic DNA per pL). For all gPCR 3C reactions, 100
ng of chromatin was used. The data were normalized using the interaction frequency
between two fragments within the non-expressed Amylase I (Amy) gene (Table S1). The
relative crosslinking frequency between two /g/ restriction fragments is calculated: Xqp =
[Sigh/Samy] Cell Type/[Sign/Samy] Control mix. Sygp is obtained using primer pairs for two
different /g/ restriction fragments and Samy is the signal obtained with primer pairs for the
Amy I'locus fragments. The crosslinking frequency for the two AmyZ fragments wass
arbitrarily set to a value of 1 to permit sample to sample comparisons. Quantitative PCR
(gPCR) was used in combination with 5’FAM and 3’BHQ1 modified probes (IDT) to detect
of 3C products (Table S2). Primer and probe optimization were carried out according to the
manufacturer’s recommendations, (http://www3.appliedbiosystems.com/cms/groups/
mcb_support/documents/generaldocuments/cms_042996.pdf). A complete laboratory
protocol for 3C is available upon request.

Chromatin Immunoprecipitation and quantitative PCR

Chromatin immunoprecipitation (ChIP) assays were performed according to the Millipore
protocol (http://www.millipore.com/techpublications/tech1/mcproto407) as in previous work
(35) with slight modifications. Chromatin was sonicated (SonicDismembrator 550, Fisher
Scientific Microtip) to an average length of 500 bp. The sonicated cell suspension was
diluted 10-fold with a buffer containing 0.01% SDS, 1.1% Triton X-100, 1.2 mM EDTA,
16.7 mM Tris-HCI, pH 8.1, 167 mM NaCl and incubated with 80 pl salmon sperm DNA/
protein A Agarose 50% Slurry (Upstate Biotechnology Inc.) for 3 h with rotation at 4°C to
preclear. The one third of the precleared chromatin was incubated with 2 g of polyclonal or
control antibodies. One tenth of the precleared chromatin was saved as input. ChIP DNA
pellets were resuspended in 60 pl of TE. Samples were analyzed by gPCR analysis using
SYBR Green PCR Mix (Applied Biosystems) and an ABI7900HT system according to the
manufacturer’s instructions. Primers were designed using Primer Express software (ABI)
and all the primers have approximately equal efficiency of amplification (Table S2). To
ensure that a single PCR product was amplified from each primer pair, the dissociation
curves were examined and the PCR products were run on agarose gels. All samples were
analyzed in duplicate and averaged. The amount of PCR product amplified was calculated
relative to a standard curve (50 ng to 0.04 ng of genomic DNA). The signal from the control
anti-1gG or anti-GFP immunoprecipitation was subtracted from the specific IP prior to final
calculations. The ChIP Index = bound/input. SEMs were calculated using data from
independent experiments. P values were calculated by using two-tailed Student’s t test. ChIP
assays were performed with anti-H4K20Mel and anti-H4K20Mez2 (gifts from T. Jenuwein),
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anti-H4K5,8,12,16 Ac (Millipore Upstate 06-866) anti-H4K20Me3 (Abcam ab9053), anti-
H4K16Ac (Millipore, 07-329), anti-H3K9Ac (Millipore, 06-942), anti-H3K9me3 (Abcam,
ab8898) and anti-HP1y (Millipore, 05-690), anti-NBS1 (Abcam, ab32074 clone Y112) and
control antibodies (Millipore, 12-370). 53BP1 antisera were anti-53BP1 (N) (Novus,
NB100-304) a rabbit antibody against human 53BP1 residues 350 and 400, and anti-53BP1
(PC) is a rabbit antibody raised against a GST fusion between human 53BP1 protein N-
terminal residues 1-524 as was previously described (36). Each anti-53BP1 or anti-NBS1
sample was derived from three independent ChlPs that were pooled to achieve a six-fold
concentration. Backgrounds were determined using the anti-GFP control antibody (Abcam
ab290) and were subtracted. Primer sequences used in ChlP assays were forward and reverse
SuY, SuD.2, SuD, CuU, Sy3U, Sy3D, Sy1U, Sy1D, SeU, SeD, Hs4, B-globin (37), Syl
(38), and Hs4 (39).

CSR is an intra-chromosomal deletion event that is dependent on AID induction and GLT
expression at S regions (2) (fig. 1A). In resting splenic B cells Ep and the 3’RR are separated
by 220 kb in the linear genome and are anchors for a B cell specific chromatin loop (23)
(fig. 1B). Upon induction of GLT expression and prior to the onset of recombination, the
spatial organization of the /g/1locus at the 3’ end is configured by three-way interactions of
Ep:3’Ea:GLT promoter that facilitates GLT expression and S/S synapsis during CSR (23,
26) (fig. 1B). This 3D conformation may contribute to locus stability when AID induced
DSBs are formed in S regions and within 3’Ea.(40-42) (fig. 1B). To determine whether
53BP1 acts as a bridging factor that tethers distantly located broken S regions to support
deletional CSR we assessed locus conformation in resting and activated B cells from WT,
AID-/-, 53BP1-/-, 53BP1-/-AlD-/- mice. To begin, we generated a detailed map of WT
looping contacts between the Ep and 3’RR and within the 3’RR. This information is
leveraged to assess the impact of 53BP1 deficiency in the presence and absence of AID
induced DSBs on the spatial organization of the /g/ locus in activated B cells.

3C chromatin templates were prepared from splenic B cells that were unstimulated and
activated for 40 hours with LPS and LPS+IL4 (Suppl. Table I). At this activation time point
GLTs and AID are well expressed, S region specific AID dependent DSBs have begun to
form (35, 40, 41), however CSR is not yet detectable (23). We confirmed that GLT
expression was appropriately induced and essentially identical in activated B cells from WT
and genetically deficient mice (Suppl. fig. 1A). AID transcripts were highly expressed in
WT and 53BP1-/- but not in AID-/- or 53BP1-/-AlID-/- derived B cells (Suppl. fig. 1A).
FACS analyses confirmed that IgG3 and 1gG1 switching is correlated with GLT expression
in activated WT B cells and absent in AlID-deficient B cells (Suppl. fig.1B). We note a
complete loss of p—-y3 and an 8-fold reduction of p—y1 CSR in 53BP1 deficient B cells
(Suppl. fig.1B) consistent with previous reports (17). Thus, the chromatin templates used in
our 3C assays derive from appropriately activated B cells.
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Eu preferentially interacts with 3’'Ea in B cells

The 3’RR is comprised of five DNase hypersensitivity sites (DHSS) (hs3a, hs1,2, hs3b and
hs4) (43)(fig. 1C). Hs3a and hs3b flank inverted repeat sequences that form a >25 kb
palindrome with hs1,2 at the center (fig. 1C). Hs4 lies downstream of the palindrome and
adjacent to hs3b. Hs3b,4 confer transcriptional enhancer activity and are also referred to as
3’Ea. The palindromic structure of the 3’RR raises the possibility that this region is
configured in a distinct spatial organization that may be functionally important.

We interrogated the 3’RR to identify elements that interact with anchor Ep. Although Ep
looping with hs3a (A:F), and hs1,2 (A:G; A:G”) were significantly induced, Eu:hs3b,4 (A:H)
interactions are preferentially increased (5-fold; p<0.004) in activated- relative to resting- B
cells (fig. 1D, right panel). Ep:hs3b,4 interactions are specific since Ep looping with the
3’Ea flanking fragments E, I, and J were not induced in activated B cells. These studies
have identified hs3b,4 (3’Ea.) as the preferred interaction partner with Ep. Our earlier studies
indicated that hs3b,4 preferentially associates with GLT promoters and is critical for GLT
expression (23, 26).

Next, we scanned multiple sites within the 3’ regulatory region (3’RR) for interaction with
anchor hs3b,4 (fragment H) (fig. 1D, left panel). Hs3b and hs4 reside on a single Hind I11
fragment and were not separable in 3C assays. It was not feasible to analyze the interactions
between hs3b,4 and hs1,2 (fragments H and G) due to proximity effects. Chromatin
interactions in activated B cells were induced between the anchor hs3b,4 and hs3a (H:F) (3-
fold; p<0.02) and attain the exceptionally high crosslinking frequency of 10 relative to
resting B cells (fig. 1D, left panel). Hs3b,4:hs3a (H:F) interactions were not due to spatial
proximity since the flanking fragments E, I and J were only modestly interactive with hs3b,4
and were not induced in activated B cells (fig. 1D). Hs3b,4 mediated interactions fall off
drastically between fragments J and Q, located ~80 kb downstream of hs3b,4 and 5’-
proximal to Crip 1 (fig. 1D, left panel). These findings indicate that the 3’RR attains a
unique 3D chromatin architecture in which hs3a is induced to associate with hs3b,4 in
activated B cells (fig. 1Ea). We speculate that hs1,2 is engaged in similar interactions. Taken
together, the integrity of the palindromic structure (33) and the presence of the topological
fold demonstrated here strongly suggests that the 3’RR forms a chromatin hub that mediates
looping interactions with Ep and GLT transcriptional elements (fig. 1Eb).

3’RR chromatin topology and Eu:3’Ea looping are 53BP1 dependent

It has been suggested that 53BP1 acts as a bridging factor involved in tethering distantly
located broken S regions at /g/to support CSR (14, 44). To determine whether 53BP1
mediates chromatin interactions that facilitate S/S synapsis in response to AID initiated
DNA damage we performed 3C assays in resting and activated B cells from AID- and
53BP1-deficient mice. Hs3b,4:Eu (H:A), hs3b,4:hs3a (H:F) and hs3b,4:y1(H:C) chromatin
interactions are similar in resting B cells for all genotypes studied (fig. 2A). Although hs3b,
4:y1 GLT promoter (H:C) interactions are induced in all activated B cells tested their
frequency is only somewhat diminished in 53BP1-/-AlID-/- relative to WT B cells (fig. 2A).
In contrast, induced intra-3’RR (hs3b,4:hs3a (H:F)) looping interactions are abolished for
53BP1-/-AlD-/- B cells relative to all other gentoypes indicating that AID and 53BP1
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contribute to the induction of this topological fold (fig. 2A). In accord with earlier findings,
hs3b,4:Eu (H:A) contacts are induced upon B cell activation and trend lower in AID
deficient- as compared to WT B cells (26). Strikingly, hs3b,4:Eu (H:A) looping is
significantly impaired in activated 53BP1-/- B cells (1.9-fold; p< 0.0002) and is essentially
abolished in 53BP1-/-AID-/- (3.0-fold; p < 0.00001) relative to WT (fig. 2A,B). We
conclude that Ep:3’Ea (H:A) looping in activated B cells 1) is 53BP1 dependent, 2) that
53BP1 and AID appear to act additively, and 3) that 53BP1 may have an architectural
function that is independent of the DNA damage response since looping is severely reduced
when both 53BP1 and AID are absent. Furthermore, intra-3’RR interactions are dependent
on both 53BP1 and AID. Our findings provide a possible explanation for 53BP1
enforcement of deletional CSR.

53BP1 chromatin association is B cell specific

Given the contribution of 53BP1 to /g/ looping it was of interest to characterize the
distribution of 53BP1 in B cell chromatin and determine its relationship to the presence of
AID dependent DSBs in S regions and in 3’Ea (40, 41). There are three mechanisms that
modulate 53BP1 chromatin occupancy: 1) DNA damage, 2) chromatin spreading and 3) the
histone mark H4K20me2. In response to DNA damage 53BP1 is phosphorylated by ATM,
accumulates at sites of damage in a manner contingent on the presence of yH2AX, MDC1
and RNF8 histone ubiquitylation (8-12) and on H4K20me2 (13). 53BP1 chromatin
association is subject to spreading across substantial distances over time (45) and implying
that focal enrichment may not occur directly at sites of AID induced DNA damage. In cells
free of DNA lesions 53BP1 binds the chromatin modification H4K20me2, via tandem Tudor
domains (5-7). We postulated that 53BP1 would accumulate in S regions, which are the sites
of AID induced DSBs in activated B cells. However, it may be difficult to predict the level of
53BP1 binding at any given site since multiple variables influence 53BP1 accumulation in
chromatin. In the sections that follow we examine AID expression, chromatin spreading and
H4K20me2 as mediators of 53BP1 chromatin distribution.

Sites SpU, SuD.2, SuD, Cy, Sy1, hs4 (3’Ea), B-globin were chosen for analysis to
determine whether 53BP1 chromatin association is regulated by transcription and/or AID
expression (fig.1C, 3A). The Su-Cy interval is constitutively transcribed in resting B cells
and transcription is augmented upon B cell activation. Although S and C regions are subject
to germline transcription, only S regions are targets for AID attack. Downstream S regions
such as Sy1, are transcriptionally silent in resting B cells and are subject to cytokine induced
germline transcription in activated B cells (with the exception of the y3 locus). Hs4 (3’Ea is
transcriptionally active and acquires AID dependent DSBs in activated B cells (42). In
contrast, the B-globin locus is transcriptionally silent in B cells. To begin, histone H3 lysine
9 acetylation (H3K9Ac) marks were present in resting- and elevated in activated B cells at
the downstream end of Sy (SuD), as previously observed, confirming chromatin quality (fig.
3A, B, right panel)(37). 53BP1 chromatin enrichment was detected at SuD in resting splenic
B cells relative to activated B- and T cells using two independent anti-53BP1 antibodies (fig.
3B left panel). Furthermore, 53BP1 binding was significantly elevated in 53BP1 sufficient-
but not in deficient- resting B cells validating the specificity of the ChIP assay (fig. 3B,
middle panel). Elevated 53BP1 chromatin occupancy in resting B cells was detected at
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multiple sites within the Sp-Cy region, hs4 (3’Ea) and at the p globin gene (fig. 3C). Only
the transcriptionally silent Sy1 region lacked significant 53BP1 binding (fig. 3C). We
conclude that 53BP1 chromatin association in resting B cells is not dependent on
transcription per se and is not limited to the /g/ locus since binding is detected at the B
globin gene (fig. 3C). Moreover, significant 53BP1 chromatin occupancy at Cu which is not
targeted by AID suggests that binding may not directly reflect DNA damage (fig. 3C).
Indeed, the preferential enrichment of chromatin bound 53BP1 in resting B cells was
unanticipated since maximal AID induced DNA damage is associated with activated B cells.
Elevated 53BP1 binding at multiple sites in resting B cells may be mediated by a
mechanism(s) unrelated to AID expression.

The 53BP1 chromatin distribution pattern undergoes a major shift in response to B cell
activation. Because 53BP1 chromatin occupancy was reduced in activated B cells it was
difficult to determine whether binding was specific and regulated (fig. 3B, C). We more
directly tested the proposition that AID modulates 53BP1 chromatin association by
comparing 53BP1 chromatin binding in WT and AID deficient mice (fig. 3C). The overall
53BP1 distribution pattern in AID deficient B cells paralleled that found in WT. Although
53BP1 chromatin binding generally trended higher in WT- as compared to AID- deficient
resting B cells, this difference achieved statistical significance only at SuD (fig. 3C).
Similarly, 53BP1 chromatin occupancy trended higher in WT- as compared to AID-
deficient activated B cells and was significantly enriched at SpU, SuD.2 and p-globin sites
(fig. 3C). These findings suggest that 53BP1 binding may be influenced by AID expression
but is not entirely determined by it in B cells.

To further explore whether AID expression influences 53BP1 chromatin binding we
analyzed T cell chromatin from AID deficient, sufficient and transgenic mice. AID
transgenic (Tg) mice were bred onto the AID-/- background and are referred to as AID-Tg.
AID-Tg mice are devoid of endogenous AID and express high levels of transgenic AID in all
tissues tested including T cells (46, 47). 53BP1 chromatin binding is significantly enriched
at /ghsites, SUD, Sy1, hs4 and is modestly higher at the B-globin gene in AID-Tg- relative
to WT and AID deficient T cells (fig. 3D). Thus, AID expression clearly contributes to
53BP1 chromatin occupancy in unstimulated T cells and is likely to influence 53BP1
binding in B cells.

Active redistribution of 53BP1 in chromatin of activated B cells

Accumulation of 53BP1 at AID induced DSBs may be difficult to detect in ChlP assays
since DNA damage is distributed across the S region (48), present in only a subset of
activated B cells and is subject to spreading long distances from the initial site of DNA
damage, a feature shared with yH2AX and MDC1 (45). To investigate the possibility that
53BP1 undergoes chromatin spreading in activated B cells, we evaluated 53BP1 and NBS1
chromatin binding in AID sufficient- and deficient- B cells. NBS1 is a component of the
MRN complex that also contains MRE11 and RADS50 and is a sensor for DNA damage
required for efficient CSR (16). Consistent with earlier studies, H3K9Ac modifications peak
at SpU and diminish sharply at SuD.2 and Cy, confirming the integrity of the chromatin
samples (fig. 4). 53BP1 accumulated in an AID dependent fashion at SpU and not at SuD.2
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or CuU at 48 hours of activation (fig. 4). This 53BP1 distribution shifted at 72 hours of
activation where 53BP1 chromatin enrichment was highest at CuU in AID sufficient- but not
in deficient- B cells (fig. 4). At the same time point NBS1 accumulated at SpU and was
undetectable at downstream SpuD.2 and CuU in AID sufficient- but not in deficient- activated
B cells indicating focused enrichment in the upstream Sy region, an area most prone to AID
induced DNA damage (fig. 4) (48). Thus, 53BP1 dynamically redistributes across the Su-Cp
interval over time, consistent with its propensity to undergo chromatin spreading (45). Thus,
detection of focused accumulation of 53BP1 at sites of AID induced DNA damaged is
complicated by dynamic chromatin spreading.

53BP1 chromatin binding in resting B cells is correlated with elevated H4K20me2

H4K20me2 marks are deposited by the SUV4-20H1/H2 enzymes and SUV4-20H1/H2
deficiency leads to conversion of H4K20me2 and H4K20me3 to mono-methyl marks (20).
Reduced CSR results from abolition of H4K20me1,2 modifications in Suv4-20h1,h2
conditionally deficient B cells (20). On this basis we hypothesized that 53BP1 might be
tethered to chromatin via H4K20me2. We profiled several histone H4 modifications to
assess the potential for 53BP1 association with /g/ locus chromatin in resting and activated
B cells.

H4K16Ac is capable of altering higher order chromatin structure (49), and can co-exist with
all H4K20me states (50). We found constitutive H4K16Ac enrichment in S regions that was
unrelated to B cell activation state or transcriptional activity and functions as a control for
the integrity of the chromatin samples (fig. 5). In contrast, acquisition of H4K5,8,12,16Ac
(H4Ac) modifications in S regions was associated with B cell activation in accord with
previous findings (51-53) (fig. 5). Notably, H4K20me2,3 modifications were markedly
enriched in S regions of resting B cells and were depleted following B cell activation,
irrespective of transcriptional status (fig. 5). H4K20me1l uniquely marked transcriptionally
active Sy and Sy3 regions in resting B cells and was reduced in activated B cells (fig. 5).
Our findings demonstrate H4K20me2 chromatin enrichment at multiple S regions in resting
B cells without regard to transcriptional status and prior to initiation of AID induced DNA
damage. Thus, the 53BP1 chromatin association is tightly correlated with the presence of
H4K20me2 marks in resting B cells. However, relatively little is known regarding the
epigenetic landscape of /g/locus in resting B cells.

Distinct chromatin landscape in resting and activated B cells

H4K20me3 is a repressive histone mark that is both evolutionarily conserved and associated
with heterochromatin (54) that is preferentially detected in resting B cells (fig. 5). In
contrast, activating histone modifications play a role in targeting CSR machinery to S
regions by providing binding motifs for CSR co-factors and by creating chromatin
accessibility (35, 37, 38, 55, 56). To more fully characterize the epigenetic landscape of S-C
regions in resting and activated B cells we evaluated H3K9Ac an activating mark, and
H3K9me3 and HP1y binding, classical markers for heterochromatin (reviewed in (57)) that
have been reported at transcribed S regions (38, 55, 56). H3K9Ac was focused to actively
transcribed Sy and diminished in C in resting B cells in accord with previous work (fig.
6A) (35, 37). H3K9AC levels increased Sy1 regions upon LPS+IL4 stimulation and reflect
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induced y1 GLT expression (fig. 6A). We and others (55) note that H3K9me3 was present at
multiple S-C regions in resting B cells and was not induced by B cell stimulation in
transcriptionally active Sy or in downstream S regions (fig. 6A,B) (55). Furthermore,
H3K9me3 was highly enriched within the Sy region (SpU, SuD.2, SuD), was depleted in Cp
in resting B cells and was essentially absent in activated B cells (fig. 6A,B). Previously
H3K9me3 enrichment was reported to increase at transcribed S regions in activated B cells
(38, 56). This difference may be related to different protocols used for B cell isolation. The
HP1y binding pattern bore striking similarities H4K20me1 in that it was focused to the p
locus, peaked at 5’Sp (SpU) in resting cells and was retained at reduced levels in activated B
cells (fig.4, 5A,B). HP1y chromatin occupancy was similar in AID sufficient and deficient B
cells and was unlike H3K9,14Ac which we previously found to be reduced in AID deficient
B cells (fig. 6B) (35). Thus, HP1y uniquely marks transcriptionally active donor Sy regions
in resting B cells. Collectively, our findings indicate that repressive histone marks decorate
the /ghlocus landscape in resting B cells and are consistent with enriched deposition of the
53BP1 ligand, H4K20me2.

Because G9a serves as the major H3K9me2 histone methyltransferases in B lymphocytes
and G9a deficiency exhibits significantly reduced global levels of H3K9me2, the precursor
of H3K9me3 (53)(58) we asked whether the H3K9me3 modifications in the Sy region are
G9a dependent and influence CSR. There was no change in the abundance of H3K9me3
marks at Sy, Cu and Sy1 regions in WT and conditionally deleted G9a (G9aA/A) resting B
cells (fig. 6C). Furthermore, FACS analyses indicated that G9a deficiency had no impact on
the frequency of 1gG3 or 1gG1 switching in activated B cells (fig. 6D). We conclude that
H3K9me3 modifications at the [t locus arose independent of G9a.

DISCUSSION

Our studies indicate that 53BP1 facilitates Ep:3’Ea looping and is largely dispensable for
3’Ea:GLT promoter interactions in activated B cells. 53BP1 dependent Ep:3’Ea looping in
the presence or absence of AID suggests a structural role for 53BP1 that may explain its
function in mediating deletional CSR (29). Two lines of evidence suggest that 53BP1 has
functions that are independent of the ATM/yH2AX/MDC1/RNF8 DNA damage response.
First, the localization of 53BP1 to DNA repair foci in B cells undergoing CSR is dependent
on H2AX phosphorylation (yH2AX), MDC1, and RNF8 (19, 59-61). However, loss of
MDC1 or yH2AX produces a milder deficit on CSR than does deletion of 53BP1 (17, 18,
21, 27, 60, 62). 53BP1 association with repair foci analyzed during metaphase may not be
fully representative of its function during CSR because AID initiated DSBs are induced and
repaired in G1 of the cell cycle (19, 63). Thus, /g/repair foci detected during metaphase
may represent difficult to resolve DNA breaks that persist through the cell cycle and may not
reflect the distribution and dynamics of 53BP1 chromatin binding in B cells. Second, 53BP1
is a large and complex protein with multiple domains that are differentially involved in
chromatin association, repair focus formation, DNA end protection and CSR (64). These
separation of function studies provide support for the notion that 53BP1 mediated chromatin
looping may operate independently of the DNA damage response.
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We identified 3’Ea (hs3b,4) as the major anchor for looping interactions with Ep (fig. 1)
and with GLT promoters (26). Deletion of 3’Ea. (hs3b,4) in mice leads to loss of Ey:3’Ea
looping (23), severely impaired CSR and most GLT expression, albeit with little impact on
SHM (65, 66). Here we report that the 3’RR is encompassed within an inducible topological
fold in which 3’Ea (hs3b,4) and hs3a preferentially interact and anchor the palindromic
unit. Disruption of 3’RR palindromic architecture by removal of the hs3a/hs1,2 interval or
by deletion of the inverted repeats leads to reduction of CSR and near abolition of SHM
(33). These observations suggest that the 3’RR topological fold is dictated by integrity of the
palindromic unit and that perturbation of chromatin looping impairs 3’RR function. Our
studies indicate that the long range looping interactions anchored by 3’Ea:hs3a are
dependent on 53BP1 and AID. Our findings are in accord with an earlier study showing that
the 3’Ea is a target for AID induced DSBs (42) and indicate that 53BP1 in conjunction with
AID induced DNA damage play a functional role in this looping interaction.

Based on our observation that El:3’Ea looping is 53BP1 dependent we assessed the
chromatin distribution pattern of 53BP1 in lymphocytes. We hypothesized that AID induced
DNA damage was the dominant factor driving 53BP1 chromatin binding. Unexpectedly, we
found that 53BP1 chromatin binding is elevated in resting B cells, reduced in activated B
cells and absent in T cells. This was unanticipated since AID induced DNA damage
increases significantly in activated B cells. These observations prompted us to consider the
possibility that several variables modulate the pattern of 53BP1 chromatin occupancy
including AID expression, histone modifications, and chromatin spreading from sites of
initial DNA DSBs. Expression of transgenic AID in T cells that are ordinarily devoid of AID
leads to a substantial increase of 53BP1 chromatin occupancy indicating that AID induced
DNA lesions could stimulate 53BP1 binding at multiple sites. Small amounts of active
phosphorylated AID (pS38) have been reported in resting B cells and not in normal T
lymphocytes (46, 67) suggesting that DNA damage might accumulate and promote 53BP1
chromatin association. Indeed, low levels of AID cause DNA damage since yH2AX repair
foci have been visualized in ~5% of resting B cells (15). However, comparison of 53BP1
binding in AID sufficient and deficient resting B cells indicates that some 53BP1 chromatin
binding is AID independent and implies that additional pathways are involved. We conclude
that elevated 53BP1 chromatin binding is B cell specific.

53BP1 methyl-histone binding Tudor domains constitutively associate with chromatin via
H4K20mez2 in cells free of DNA damage (5-7). Strikingly, we found that 53BP1 chromatin
association is correlated with elevated levels of H4K20mez2 in resting B cells and that this
histone mark significantly diminishes in activated B cells. Furthermore, we note that the
chromatin landscape of the /g/ locus is profoundly remodeled upon B cell activation. 53BP1
shifts from direct chromatin binding via H4K20mez2 in resting B cells to indirect association
through yH2AX and MDC1 during the AID mediated DNA damage response in activated B
cells. Because indirect chromatin association is technically more difficult to detect it is
possible that ChIP assays under-report actual 53BP1 chromatin occupancy in activated B
cells. Finally, 53BP1 has the propensity to spread long distances from the original site of
DNA damage. The spreading phenomenon obscures focal enrichment of 53BP1 at S regions
in comparison to NBS1, a DNA repair factor that does not spread. Accordingly, 53BP1 was
detected spanning the Ip-Sp-Cyl region in CH12 cells activated to undergo CSR (68).
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In summary, 53BP1 is a regulator of Ep:3’Ea looping interactions in activated B cells.
These findings provide a plausible mechanistic explanation for the requirement of 53BP1 in
enforcing deletional- as opposed to inversional- CSR. 53BP1 chromatin association changes
as a function of B cell activation status. However, the unique distribution properties of
53BP1 in activated B cell chromatin make it difficult to detect focal accumulation and to
directly demonstrate that 53BP1 chromatin binding mediates Ep:3’Ea looping.
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Figure 1. The 3’RR forms a chromatin hub in activated B cells
A) CSR is diagrammatically shown. Transcription start sites (TSS) downstream of the p and

v1 GLT promoters are indicated. LPS+IL4 induces the expression of the -yl GLT and the
intra-chromosomal deletional recombination between Sy and Sy1. B) The /g/ locus is
configured as a chromatin loop tethered by association of the E:3’Ea enhancers in resting
B cells. Following B cell activation with LPS or LPS+1L4 the appropriate GLT promoters
interact with the 3’Ea. in a cytokine dependent fashion. C) A map of the 3’ end of the /gh
locus is drawn to scale. The /g/locus contains eight Cy region genes each paired witha S
region and a GLT promoter (with the exception of C8) and are bracketed by the intronic Ep
and the 3’Ea regulatory region located at the 5’- and 3’-ends, respectively. The 3’Ea
contains hypersensitive sites (hs) 3a, hs1,2, hs3b,4 that function together as an LCR
(reviewed in (69)) and are adjacent to islands of CTCF binding associated with hs 5-7 (39).
Inverted (inv) repeat sequences separate hs3a and hs3b and form a >25 kb palindrome with
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hs1,2 at the center. Hindlll restriction fragments used in the 3C analysis are indicated
(fragments A-Q). D) 3C chromatin templates were derived from splenic B cells that were
resting or activated with LPS or LPS+IL4 for 40 hours or splenic T cells activated with
ConA 3 days. 3C assays were anchored at Ep (fragment A) or hs3b,4 (fragment H) were
analyzed for interaction with elements within 3’RR (fragments E-Q). P values of 0.05 and
0.002 or less are indicated by * and **, respectively, and were derived using two-tailed
Student’s t tests. E) The 3’RR resides within a palindrome that is composed of two inverted
repeats (arrows) flanked by hs3a and hs3b. a) The 3’RR is tethered by hs3a and hs3b,4
enhancers in activated B cells. b) The looping structure of the Ep:3’RR. Hs1,2 is
speculatively shown engaged in chromatin association with hs3a and hs3b,4.
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Figure 2. 53BP1 facilitates Ep:3’Ea looping and the 3’'RR topological fold
A) 3C chromatin templates were prepared from WT, AID-/-, 53BP1-/-, 53BP1-/-xAID-/- B

cells that were resting or activated with LPS or LPS+IL4 for 40 hours. A) 3C assays that
were anchored at hs3b,4 (fragment H) and were analyzed for interaction with Eu (fragment
A) hs3a (fragment F) and the g1 locus (fragment C). P values of 0.03 and 0.001 or less are
indicated by * and **, respectively using a two-tailed Students t test. B) The /g/locus is
configured as a chromatin loop tethered by Ep:3’Ea enhancers in resting B cells. Following
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B cell activation the appropriate GLT promoters interact with the 3’Ea in a cytokine
dependent fashion when cells are 53BP1- sufficient (a) and 53BP1 deficient (b).

J Immunol. Author manuscript; available in PMC 2018 March 15.

Page 21



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Feldman et al. Page 22

A B

Eu lu Su Cu » AbN AbPC Ab N
e e b
—————mmm— Zo37 & o4 g oo
" 02 ™ g 202 03 S °° 0 T Un
m < 0.2 4.0 B B Resting
ﬁ_—_—_- o —_—_::_i 3 £01 0.1 T 20 O B LPS+IL4
Sti 53 | 3
) |
L] L L] L] 5I L] L] T L] ]l()kb < Q\x\l Q’\I\
-0.1 b._bq, {g;b

£
c
2
oy
©
=
£
<
-0.1- .
Suu SubD.2 SubD cuu Syl hs4 B-globin
2 oH3K9me3 D . . i}
S g - Py g O wr
: 1.0 ~— [ e | 1
0 AD*- | T Un
B a5 2 04
g c AID-Tg
E 02 2 02
= -
< .
SuD g o
o
& -0.2

SuD Syl hs4 p-globin

Figure 3. 53BP1 chromatin association is B cell specific
A) Schematics for the peand -y1 I-S-Cy loci with primer pairs indicated (arrowheads). B,C)

ChIP assays for 53BP1 used unstimulated splenic T cells, resting B cells or B cells activated
by LPS+IL4 for 48 hours and anti-53BP1 antisera were Ab N and Ab PC, as indicated. Each
anti-53BP1 sample was composed of three independent ChiPs that were pooled and
concentrated six-fold. Each sample was analyzed in duplicate. Backgrounds were
determined using the anti-GFP control antibody (Abcam ab290). Backgrounds and were
subtracted from values determined using anti-53BP1. Negative values occurred when the
anti-53BP1 value was lower than background. Anti-H3K9Ac or anti-H3K9me3 antisera
were used in ChIP assays as controls for chromatin integrity, as indicated. B) ChlP assays
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were performed using WT, 53BP1 +/- or 53BP1 -/- B cells with SuD primers. Assays used
two or three samples from two independent experiments. C) ChIP assays using anti-53BP1
Ab PC (upper panel) are from three to five samples from three independent experiments,
respectively. P < 0.05 or 0.005 are indicated by * or **, respectively. ChIP assays using anti-
H3K9me3 are shown as loading controls (lower panel). D) ChIP assays using anti-53BP1
and unstimulated splenic T cells from WT, AID-/- or AID”-AIDT9*- and Ab N. P < 0.05
and 0.01 indicated by * and **, respectively.
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Figure 4. 53BP1 chromatin association dynamically spreads from S into C regions
Chromatin for ChIP was derived from WT or AID-/- B cells activated with LPS+1L4 for 48

(A) or 72 hours (B) and used anti-53BP1 (Ab N) or anti-NBS1 (three to six samples) or anti-
H3K9AC (two samples) from two independent experiments. Data for the 48 hour time point
was extracted from Figure 3D. P < 0.04 or 0.005 are indicated by * or **, respectively.
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Figure 5. Elevated H4K20me2 modifications in resting B cells

B globin

ChIP assays on B cells that were resting or activated with LPS or LPS+1L4 for 48 hours
using four to six samples derived from two independent experiments. Primer pairs are
indicated. P < 0.05, and 0.001 are indicated by *, and ** respectively and derived using two-

tailed Student’s t tests.
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Figure 6. S regions are decorated with repressive histone marks in resting B cells
ChIP assays on WT, AID-/- or G9a2/2 splenic B cells that were resting or activated with LPS

+ IL4 for 48 hours and anti-H3K9Ac or anti-H3K9me3 or anti-HP1y using two to eight
samples derived from two to three independent experiments. P < 0.05, and 0.001 are
indicated by *, and ** respectively. A) ChIP analyses for 1, -y3, and y1 I1-S-Cy loci and the
B-globin gene are shown. B) ChlIP analyses for the p I-S-Cy locus are shown. C,D) WT and
G9a22 splenic B cells were activated with LPS or LPS+ IL4 for 48 hours or 4 days as
indicated. C) ChlP analyses using and anti-H3K9Ac for SuD, CpU, Svy1 sites in WT and
G9a2 splenic B following 48 hours of LPS+1L4 activation. D) FACS analysis of 19G3 and
IgG1 surface expression on WT and G9a2/2 splenic B cells following 4 days of activation as
indicated.
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