1 AMERICAN Molecular and
L SOCIETY FOR

microsiotocy | Cellular BiOlOgy®

MBD4 Facilitates Immunoglobulin Class
Switch Recombination
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ABSTRACT Immunoglobulin heavy chain class switch recombination (CSR) requires
targeted formation of DNA double-strand breaks (DSBs) in repetitive switch region
elements followed by ligation between distal breaks. The introduction of DSBs is ini-
tiated by activation-induced cytidine deaminase (AID) and requires base excision re-
pair (BER) and mismatch repair (MMR). The BER enzyme methyl-CpG binding domain
protein 4 (MBD4) has been linked to the MMR pathway through its interaction with
MutL homologue 1 (MLH1). We find that when Mbd4 exons 6 to 8 are deleted in a
switching B cell line, DSB formation is severely reduced and CSR frequency is im-
paired. Impaired CSR can be rescued by ectopic expression of Mbd4. Mbd4 defi-
ciency yields a deficit in DNA end processing similar to that found in MutS homo-
logue 2 (Msh2)- and Mih1-deficient B cells. We demonstrate that microhomology-rich
S-S junctions are enriched in cells in which Mbd4 is deleted. Our studies suggest
that Mbd4 is a component of MMR-directed DNA end processing.

KEYWORDS Ig class switch recombination, mismatch repair, B cells, Ig class switch,
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he immunoglobulin (Ig) diversification reactions somatic hypermutation (SHM) and

class switch recombination (CSR) are initiated by activation-induced deaminase
(AID) in mature B lymphocytes. CSR involves intrachromosomal deletional rearrange-
ments that swap the default u constant (C,,) region for one of six different downstream
C,, regions (y3, y1, y2b, y2a, ¢, and «), but not C§, while preserving the antigen binding
specificity of V(D)J exons. CSR is focused to specific switch (S) regions by differential
activation of germ line transcription that traverses a noncoding intervening (I) exon, an
S region, and a C, coding region (1, 2). During CSR, two S regions, each paired with a
C,, region, are brought into close proximity by long-range chromatin interactions that
are anchored by transcriptional elements (3). AID initiates CSR by creating DNA lesions
in donor Su. and downstream acceptor S regions that are processed into DNA double-
strand breaks (DSBs) and used in the recombination reaction (4).

The conversion of AlD-induced damage into DSBs is mediated primarily through
base excision repair (BER) (5). AID deaminates dC, producing uracil, which is processed
into an abasic site by uracil DNA glycosylase (UNG); the abasic site is then cleaved by
apurinic/apyrimidinic endonuclease (APE) to generate a single-strand break (SSB) (6).
Closely spaced SSBs on cDNA strands will be processed into DSBs. UNG deficiency in
mice (5) and humans (7) leads to severely compromised CSR and to perturbed SHM.
AID-induced DSBs occur primarily in G, phase (8), ensuring that break resolution occurs
through classical nonhomologous end joining (NHEJ) DNA repair (9). AID and UNG
deficiencies also lead to a dramatic reduction in S region specific breaks, indicating that
DSB formation is central to the mechanism of CSR (10). Mismatch repair (MMR)
functions as an alternative pathway for DSB formation during CSR. MMR deficiencies of
Msh2, Msh6, Pms2, MIh1, and exonuclease | (Exol) in mice contribute to a 2- to 7-fold
reduction in CSR (reviewed in reference 6). MMR becomes involved when AlD-induced
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uracils are too distantly spaced on complementary strands to permit processing by BER.
However, many aspects of CSR-related DSB formation and processing remain unclear.

There are four uracil DNA glycosylases, UNG, SMUGT, TDG, and methyl-CpG binding
domain protein 4 (MBD4), that recognize and remove dU in U-G mismatches (11).
Although SMUGT1 and TDG play no role in these processes when UNG is intact (12-14),
SMUG can partially support CSR in UNG-deficient cells (14). We were intrigued by the
functional association of MBD4 and AID in active DNA demethylation in zebrafish (15).
Moreover, MBD4 interacts with MLH1 (16) and PMS2 (17) and might directly contribute
to the removal of U-G mismatches in collaboration with the MMR pathway (18).
Unexpectedly, CSR was not affected by targeted deletion of Mbd4 exon 3 (19) or exons
2 to 5 (termed Mbd442-5/42-5) (17) in mice. However, we now show that targeted
deletion of Mbd4 5’ exons permits variant transcript expression from the intact 3’ end
of the locus. Furthermore, two MBD4 isoforms, the full-length (FL) and short-form (SF)
isoforms, are detected in wild-type (WT) B cells. Although FL MBD4 is absent in
Mbd442-5/42-5 B cells, the SF is present, indicating that expression is not fully abolished
and may complicate functional analyses. These findings have prompted us to recon-
sider a role for Mbd4 in CSR and its contribution to S region DSB formation.

Here we report the construction of CH12 cell lines with deletions of (i) Mbd4 exons
6 to 8 and (ii) exon 8 through the 3’ untranslated region (UTR) in which expression of
FL and SF MBD4 is abolished and CSR is impaired. The CSR deficit is rescued by ectopic
expression of truncated Mbd4 exons 4 to 8 and is dependent on uracil DNA glycosylase
activity. The level of formation of S region DSBs is severely diminished in Mbd4
knockout (KO) cells relative to that in controls, and these DSBs have characteristics in
common with DSBs from MMR-deficient B cells. Rare Su-Sa junctions from CSR-
activated Mbd4 KO cells have longer than average microhomologies, characteristic of
Mih1-deficient mice. Our data suggest that MBD4 is mechanistically linked to a critical
step in DSB formation that is required for optimal CSR and that may be epistatic with
the MMR pathway.

RESULTS

Murine MBD4 is a 554-amino-acid (554-aa) protein that is expressed in the cyto-
plasm and imported into the nuclei of splenic B cells and CH12 cells that are induced
to undergo CSR (17). MBD4 contains a methyl-CpG-binding domain (MBD), encoded by
exons 2 and 3, and a DNA glycosylase domain, encoded by exons 5 to 8 (20, 21). Mbd4
is expressed to levels approaching that of AID in GC B cells, suggesting a B-cell-specific
function (see Fig. S2 in the supplemental material). Transcript analyses indicate that in
addition to full-length (FL) Mbd4 mRNA, encoded by exons 1 to 8, there are several
alternative Mbd4 transcripts that may be splice variants or independent transcripts from
alternative transcription start sites (TSSs) (Fig. 1A). The Mbd4 transcript initiating
downstream of exon 3 encompasses exons 5 to 8 (XM_006505683.2) and encodes a
175-aa polypeptide that includes the entire DNA glycosylase domain and may repre-
sent an alternative short form (SF) of Mbd4 (Fig. 1A). Although another Mbd4 open
reading frame (ORF) spans exons 4 to 8, no transcript for these sequences has yet been
reported in vivo. The Mbd4 transcript spanning exons 1a to 7 (XM_006505681.2) is
reportedly subject to nonsense-mediated decay. An Mbd4 transcript encompassing
exons 6 to 8 (XP_006505746.1) lacks an intact DNA glycosylase catalytic subunit. In
summary, two Mbd4 transcripts, a full-length (FL) and an SF transcript, are capable of
expressing the Mbd4 DNA glycosylase domain.

We assessed the epigenetic landscape of the Mbd4 locus for the presence of
promoter and enhancer elements that might support Mbd4 SF expression in B lineage
cells by leveraging published studies (see Table ST in the supplemental material).
Enhancers are identified by histone H3 acetylated (Ac) lysine 27 (H3K27Ac) modifica-
tions, alone and in conjunction with H3K4 methyl 1 (H3K4me1) marks (22, 23), and are
frequently enriched for the transcription cofactor Mediator 1 (Med1) (22, 24). Transcrip-
tionally active promoters are marked by H3K4me3 modifications (22). In B cell progen-
itors and the CH12 cell line, the H3K27Ac, H3K4me1, and H3K4me3 marks and Med1
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FIG 1 Expression of MBD4 full-length and short isoforms is lost in Mbd4-deficient CH12 cells. (A) NCBI browser screenshot of the genomic Mbd4 locus and a
segment of the Ift122 gene. Mbd4 transcripts are indicated with exons (dark green boxes), untranslated regions (light green boxes), alternative transcripts (red
and purple boxes), and introns (lines). (B, C, and E) Western blot analyses of MBD4 protein expression were performed using an antibody against MBD4 (directed
against residues in exon 7) and nuclear extracts from WT and Mbd422-5/42-5 splenic B cells activated with LPS plus IL-4 for 48 h (B), CH12 control (Ctrl) and Mbd4
KO (1A-122/2) cells induced by CIT for 24 h (C), and 1A-12"/2 cells induced by CIT for 24 h (E). The loading control was developed with anti-lamin B1 or
anti-B-actin. (B) Arrows indicate MBD4 full-length (~70-kDa), short-form (~18-kDa) (*), or nonspecific (NS) bands. The dashed line indicates cropping. (C) Control
and 1A-124/2 samples are from two independent experiments. (D) Mbd4 transcripts from control and KO (1A-124/2) cells at 0, 24, and 40 h of CIT treatment were
analyzed by qRT-PCR using primers F6.1 and R1 in exon 6 and the 3’ UTR, respectively. Mbd4 transcript levels were normalized to those for 18S rRNA. The
averages from two samples and two independent experiments are shown with SEMs. Asterisks indicate significant differences by Student’s two-tailed t test (¥,
P < 0.05; **, P < 0.001). (E) Western analysis of MBD4 protein expression in CH12 (Ctrl), 1A-124/2, and 1A-124/* cells.

binding are coincident with Mbd4 exon 1, indicating the juxtaposition of an enhancer
and a promoter that are also occupied by the B cell lineage-specifying transcription
factors (TFs) E2A, Pax5, and Ikaros (see Fig. S3 in the supplemental material). Strikingly,
the area immediately downstream of exon 3 is enriched both for H3K27Ac and
H3K4me1 and for H3K4me3, potentially indicating the presence of a second promoter-
and-enhancer pair that could support Mbd4 SF expression (Fig. S3). However, whether
Mbd4 SF is expressed in activated B cells remains unclear.

Nuclear extracts from activated splenic B cells and the CH12 cell line were subjected
to Western blot analyses to test for the presence of distinct MBD4 polypeptides using
an anti-MBD4 antibody (Ab) specific for residues in exon 7. Lamin B1 was used as a
loading control to confirm the integrity of the nuclear extracts (Fig. 1B and C). FL
(~70-kDa) and SF (~18-kDa) MBD4 polypeptides are induced in the nuclei of activated
splenic B cells and upon induction of CH12 cells with CD40 ligand (CD40L) plus
interleukin 4 (IL-4) plus transforming growth factor B (TGF-B) (CIT) (Fig. 1B, lane 1, and
C, lanes 1 and 3). The molecular mass of the ~18-kDa MBD4 moiety is consistent with
the predicted size of the putative 175-aa SF. It should be noted that the intensity of the
~18-kDa MBD4 polypeptide is weak relative to that of the FL form. However, this may
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not limit functionality, since extremely low levels of UNG are sufficient for efficient CSR
(13). Together, our findings indicate that a unique MBD4 isoform spanning the
C-terminal DNA glycosylase domain is expressed in activated splenic B cells and the
CH12 cell line.

Variant MBD4 expression is retained in Mbd442-5/A2-5 mice. Our earlier studies
showed that Mbd4-deficient mice lacking exons 2 to 5 (16), referred to here as
Mbd422-5/22-5 mice, supported efficient CSR (17). However, the Mbd442->/A2-> |ocus
retains the puromycin resistance gene and the phosphoglycerate kinase (PGK) pro-
moter, which could support the transcription of the residual 3’ exons (16). Although
Western blot assays indicate that activated splenic Mbd442-5/42-5 B cells fail to express
FL MBD4, they actively express an ~18-kDa MBD4 polypeptide (Fig. 1B, compare lane
1 with lanes 2 to 4). The complexity of the Mbd442-5/A2-> locus prompted us to construct
a new Mbd4 KO in which the DNA glycosylase domain is completely deleted.

Targeted deletion of Mbd4 exons 6 to 8 in CH12 cells. We used gene-targeted
homologous recombination in a CH12 subclone, C.24, to replace exons 6 to 8 and the
3’ UTR of the Mbd4 gene with a neomycin resistance gene (neo’) and a negative
selection thymidine kinase (TK) cassette (see Fig. S4A in the supplemental material). The
CH12 cell line can be induced to undergo IgA switching (25) and has been used for
targeted gene deletion (26-30). The 5" and 3’ Mbd4 homology arms, of 2.85 and 5.34
kb, respectively, were cloned into the targeting vector pLNTK. After gene targeting, the
neo" gene, flanked by 34-bp loxP sequences (31), was deleted by exposure to Cre
recombinase. Gene deletions were confirmed by Southern blot analyses with two
independent probes (Fig. S4B). For the endogenous allele, 7.35- and 7.7-kb BamH1
restriction fragments are found by analysis with the 5’ and 3’ probes, respectively. In
contrast, 6.0- and 6.9-kb fragments appear upon examination of the targeted allele
using the same probes (Fig. S4A and B). Cre-mediated deletion results in removal of the
neo’ gene, along with a BamH1 site, leaving a single loxP sequence at the site. Following
deletion by Cre, the 6.0- and 6.9-kb fragments become a single 11-kb fragment that can
be analyzed with either probe (Fig. S4A and B).

We identified two clones, M19V* and 1A-12V*, in which the targeting construct
was integrated into one allele, which was then subjected to Cre recombinase to create
neos clones M19%4/+ and 1A-122/*, respectively (Fig. S4B). The 1A-122/* clone was
targeted on the second allele and was exposed to Cre recombinase to create 1A-12274,
referred to as Mbd4 KO (Fig. S4B). A full pedigree of C.24 derivative clones and
subclones used in our studies is provided in Fig. S1A in the supplemental material. Next,
Mbd4 transcript and protein levels were examined in control and Mbd4-deleted cells
that were either left unstimulated or activated with CIT to induce w—a CSR. Quanti-
tative reverse transcription-PCR (qRT-PCR) using primers for exon 6 and the 3" UTR
demonstrates that the Mbd4 transcript is induced by CIT in control cells but not in KO
cells (Fig. 1D). Western blot assays show that FL and SF MBD4 polypeptides are absent
in 1A-122/2 cells relative to controls (Fig. 1C, compare lanes 1 and 3 with lanes 2 and
4). Thus, MBD4 expression is completely abolished in 1A-124/2 cells. Furthermore, MBD4
protein levels are dependent on the number of intact alleles, since the level of FL MBD4
expression in 1A-122/* cells is about half that found in control cells by Western blot
analyses (Fig. 1E).

Mbd4 deficiency in CH12 cells is associated with reduced IgA switching. To
determine whether Mbd4 mediates CSR, we analyzed control and Mbd4 KO cells for
m—a switching following activation with CIT for 24 h. Relative to that in controls, the
level of IgA switching is reduced approximately 4-fold (P < 0.01) in 1A-124/2 cells and
2-fold (P < 0.01) in heterozygous M19V/*, 1A-12NV* and 1A-124/* cells, indicating
Mbd4 haploinsufficiency (Fig. 2A). The CSR frequencies associated with subclones
derived from 1A-122/*" and 1A-122/2 cells recapitulate the u—a CSR frequencies of
their parental clones, TA-12N* and 1A-12V2 (Fig. S1 in the supplemental material).
Accordingly, the haploinsufficiency of 1A-122/* cells for IgA switching is reflected by
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FIG 2 CSR is impaired in Mbd4 KO cells. Control (Ctrl) CH12 cells and Mbd4-deficient cells were treated with CIT for 24 h (A, C, and D) or as
indicated (B). (A) Ctrl (+/+), Mbd4 HET (1A-12N/+, 1A-122/+, M19V+), and KO (1A-124/2) cells were analyzed by FACS for IgA expression. The Mbd4
targeted allele with (N) and without (A) the neo’ cassette is shown. Representative FACS analyses (left) and average percentage of IgA™* cells after
CSR with SEMs from two to four independent experiments (except for M19V+ [n = 1]) (right) are shown. Asterisks indicate significant differences
by Student’s two-tailed t test (*, P < 0.05; **, P < 0.01; ***, P < 0.001). n.s., not significant. (B) Aicda (AID) and GLTs w and « were analyzed by
gRT-PCR, and results were normalized to those for 18S rRNA. Averages with SEMs from two samples and two independent experiments are shown.
Unstim, unstimulated. (C) Western blot analysis of nuclear extracts from Ctrl and Mbd4 KO (1A-122/2) cells using the indicated Abs. The blot shown
is representative of two independent experiments. (D) Proliferation was monitored by CFSE dilution over time in unstimulated or CIT-treated Ctrl
(red) and Mbd4 KO (green) cells that were either left unstained or CFSE loaded (15 wM) and analyzed by FACS at 3 and 24 h postloading. Results
shown are representative of three independent experiments.

the half-dose of FL MBD4 expression relative to expression in control and 1A-122/2 cells
in Western blot studies (Fig. 1E and 2A).

To ensure that Mbd4 KO has no collateral effects on other mediators of CSR, we
analyzed germ line transcripts (GLTs) and AID expression by qRT-PCR. Germ line
transcription initiates at a TSS upstream of an | exon, proceeds through the S region,
and terminates downstream of the corresponding C,, gene. The reduction in the
frequency of CSR in Mbd4 KO cells was not accompanied by any detectable alteration
in steady-state w and « GLTs, or in Aicda (AID) mRNA expression, following CIT
treatment (Fig. 2B). Western blot analyses indicate that AID levels in KO cells were
comparable to those found in control cells (Fig. 2C). Because CSR is linked to cell
division (32), we examined cellular proliferation in control and Mbd4-deficient cells by
carboxyfluorescein succinimidyl ester (CFSE) dilution. Cells that were left unstimulated
and those that were treated with CIT showed similar levels of uptake of CFSE and
equivalent dilutions 24 h later, indicating that cell proliferation is unperturbed by Mbd4
deficiency (Fig. 2D).

MMR heterodimers MSH2/MSH6 and MLH1/PMS2 are required for efficient CSR (6).
Diminished levels of MMR proteins are found in activated splenic B cells and murine
embryonic fibroblasts (MEF) from Mbd442->/A2-5 mice (16, 17). Western blot analyses
indicate that MLH1, PMS2, and MSH2 levels are unchanged in CIT-activated control and
Mbd4 KO cells (Fig. 2C). Global gene expression analyses identified only 18 of 3 X 10#
genes with at least a 2-fold expression change in Mbd4 KO cells relative to controls
(GEO accession no. GSE51559). These gene expression differences are likely to reflect
normal differences between cell clones. We conclude that studies focused on 1A-124/+
and 1A-124/2 are representative of the CSR potential for these genotypes. Hence, the
CSR deficit in Mbd4 KO cells cannot be ascribed to perturbation of GLTs, AID, cell
proliferation, MMR protein levels, or global gene expression.
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CN781668 and BY200253). Splicing of Mbd4 mRNA produces Mbd4 exons 1 to 8 (XM_006505679.2) (solid line) or Mbd4 exons 1 to 3
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cells were activated with CIT for 24 h. (B) Mbd4 gene expression in control and Mbd4 KO cells was examined using Affymetrix mouse
genome 1.0 ST arrays (GEO accession no. GSE51559). Microarray probes hybridizing to the 5" UTR (5U1 and 5U2), exons 1 to 5 (E1 to E5)
(filled bars), exons 6 to 8 (E6 to E8), and the 3’ UTR (3U) (open bars) are indicated. (C) RT-PCR using control and Mbd4 KO cDNA templates
and primer F1 in combination with primer R1, R2, or R3 detects Mbd4 exons 1to 8, 1 to 3, or 1 to 5, respectively. Primers F4 and R4 detect
IncRNAs. (D and E) Control cells were stably transfected with empty (E), MBD4 exon 1 to 5 (1-5), C-terminally MYC-tagged MBD4 exon 1
to 5 (1-5-MYC), MBD4 exon 1 to 3 (1-3), or C-terminally MYC-tagged MBD4 exon 1 to 3 (1-3-MYC) constructs. (D) Western blot analyses
of nuclear extracts from stably transfected CH12 cells using anti-MBD4 or antiactin Abs. Results representative of two independent
analyses are shown. (E) Average IgA switching frequencies from FACS analyses with SEMs (n = 4).

Truncated Mbd4 proteins lack dominant negative effects. Because truncated
MBD4 protein arising from residual expression of exons 1 to 3 or exons 1 to 5 could
potentially act as dominant negative mutants (33) and inhibit CSR, we analyzed the
pattern of Mbd4 transcription in control and Mbd4 KO cells. Although microarray
analyses indicate that the transcript abundance of Mbd4 exons 1 to 3 is invariant, longer
transcripts are severely reduced, beginning at exon 4, for the Mbd4 KO relative to
controls (Fig. 3A and B). These findings were confirmed using conventional RT-PCR on
samples prepared by rapid amplification of 3" ¢cDNA ends (3’ RACE) to verify the
presence of polyadenylation (Fig. 3C). Transcripts encompassing Mbd4 exons 1 to 5 are
evident in controls but are essentially undetectable in KO cells, in agreement with the
microarray data (Fig. 3B and C). Finally, the long noncoding RNAs (IncRNAs) (NCBI
Nucleotide database no. CN781668 and BY200253) that overlap the Mbd4 3’ UTR in the
antisense direction are absent in Mbd4 KO cells (Fig. 3C). Hence, no spurious transcripts
originating from the 5’ end of the gene are detected in Mbd4 KO cells.

To test for potential dominant negative effects, MBD4 was tagged with a MYC
epitope at the C terminus, enabling assessment by Western blot assays. Ectopic
expression of protein from MBD4 exons 1 to 5 but not from exons 1 to 3 could be
confirmed in stable transfectants derived from control CH12 cells that also express
endogenous FL Mbd4 (Fig. 3D). Stable expression of Mbd4 exons 1 to 5 had no effect
on IgA switching following induction with CIT (Fig. 3E). Thus, potential Mbd4 transcripts
originating from the 5’ end of the gene do not confer dominant negative effects on
CSR. We conclude that the reduced CSR frequency in Mbd4 KO cells is most likely due
to targeted deletion spanning the region from exon 6 to the 3’ UTR. Collectively, our
findings indicate that both Mbd4 FL and SF transcripts and polypeptides are essentially
ablated in Mbd4 KO cells.
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Impaired CSR following CRISPR-Cas9 ablation of Mbd4 gene expression. To
independently query the dependency of CSR on Mbd4 expression, we employed the
clustered regularly interspersed short palindromic repeat (CRISPR) genome-editing tool
to disrupt Mbd4 expression in CH12 cells (34, 35). Using the mammalian-codon-
optimized Cas9 nuclease and a guide RNA (gRNA) targeting the Mbd4 exon 8 splice
acceptor, we generated a 299-bp homozygous deletion spanning all of exon 8 and a
portion of the 3" UTR in a clone, AS23 (Fig. 4A and B). We systematically evaluated the
expression of the Mbd4 transcript in control and A23 cells. The CRISPR-generated
deletion caused destabilization of the Mbd4 transcript; expression was abolished in
both unstimulated and CIT-induced AS23 cells relative to controls, as determined by
gRT-PCR assays using primers for exon 6 and the 3" UTR (Fig. 4C). The steady-state levels
of Mbd4 transcripts spanning exons 1 to 5 and exons 1 to 7 were severely reduced for
AS23 cells relative to control cells (Fig. 4D). In contrast, expression of Mbd4 exons 1 to
3 was detected in both control and AS23 cells (Fig. 4D). Hence, the mRNA transcripts
for FL and SF MBD4 protein are abolished in AS23 cells. Accordingly, the level of IgA
switching is reduced 2.7-fold (P < 0.0001) following CIT treatment in AS23 cells relative
to controls (Fig. 4E). We conclude that the reduced CSR in AS23 cells is related to Mbd4
deficiency, since there was no change in the expression of GLTs w and «, or of AID
transcripts, relative to that in controls (Fig. 4F).

Ectopic expression of Mbd4 rescues CSR. Complementation studies were per-
formed to determine whether CSR can be rescued in Mbd4-deficient cell lines. MBD4
has two well-defined functions associated with the C terminus spanning exons 5 to 8:
(i) a uracil DNA glycosylase activity (21) and (ii) a capability for interaction with MLH1
(36). The Y514 residue located in exon 7 resides within the catalytic core, and a Y514F
substitution renders the glycosylase inactive (15, 21). The Y514 residue is outside the
MBD4-MLH1 interaction region, based on the analogous human MBD4-MLH1 inter-
action site (36). Transient transduction of FL Mbd4WT in control cells followed by CIT
activation led to diminished cell viability relative to that of an empty construct,
indicating that Mbd4 FL expression was toxic to the cells (see Fig. S5 in the supple-
mental material). Cell death was not a result of the transduction process or construct
size, as evidenced by the fact that cells stably transduced with an Mbd4-flipped
(nonexpressed) construct were viable over time (Fig. S5B and C). However, we found
that truncated MBD4 spanning exons 4 to 8 (M##8) was not toxic when ectopically
expressed. We selected stable transfectants expressing M#8, M4-8Y514F and empty
constructs in AS23 and Mbd4 KO cells. Western blot analyses confirmed that M48 is
stably expressed prior to and following CIT activation and that the expression levels of
M#4-8 and M#-8Y514F gre equivalent (Fig. 4G). CSR deficiency was rescued in AS23 cells
(~1.5-fold [P < 0.0001]) by M*# expression relative to the empty construct and the
catalytically inactive M#-8Y514F construct (Fig. 4H). The statistically significant, albeit
modest, CSR rescue may be due to the use of the truncated MBD4, which is not optimal
for this purpose. We conclude that the CSR defect in the Mbd4 KO cell lines is not a
consequence of off-target effects; rather, it is related to Mbd4 deficiency.

Mbd4 deficiency impairs Sp region DSB formation. S region-specific DSBs are
obligatory intermediates of the CSR reaction (8, 10, 37). DSBs in S regions are formed
by AID-induced deamination of dC to U and the removal of U by UNG to form an abasic
site, followed by breakage of the phosphate backbone by APEs (Fig. 5A) (38, 39). U-G
mismatches generated by AID are also substrates for MMR (Fig. 5B) (6, 40). DSBs are
focused to the Su tandem repeats (TRs) that compose the Sy core sequences replete
with AID hot spot motifs and, less frequently, to 5" Su, which contains fewer TRs (41).
When dC residues are closely positioned on complementary strands, AlD-initiated
staggered DSBs are created (Fig. 5Ac). Blunt DSBs are produced from staggered breaks
when the overhanging nucleotide is removed by an exonuclease (Fig. 5Ad). When
AID-induced deamination events are far apart, S region DSBs are formed by the
combined action of the BER and MMR pathways (Fig. 5B). The interaction of MBD4 with
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FIG 4 Complementation of impaired CSR in Mbd4-deficient cell lines. (A) The gRNA with protospacer adjacent motif (PAM) used to
target Mbd4 by CRISPR-Cas9 is aligned to the genomic map of the Mbd4 gene exons (rectangles) and introns (lines). (B) The gRNA and
Cas9 nuclease were transfected into CH12 control cells, and AS23 was isolated. The sequencing chromatogram of the AS23 clone
depicts a homozygous 299-bp deletion spanning Mbd4 exon 8 and extending into the 3" UTR. (C to H) CH12 control (Ctrl) and AS23
cells were either left unstimulated or treated with CIT for 20 h. (C) gRT-PCR was performed using cDNA from control and AS23 cells
and primers F6 and R1 (Fig. 3A). (D) RT-PCR using control and AS23 cDNA and primer F1 in combination with primer R2, R3, or R5
detects Mbd4 exons 1 to 3, Mbd4 exons 1 to 5, or Mbd4 exons 1 to 7, respectively (Fig. 3A). (E) Proportions of control and AS23 cells
expressing surface IgA. Averages and SEMs from two to four independent experiments are shown. Asterisks indicate significant
differences by Student’s two-tailed t test (***, P < 0.001). (F) Transcript levels for AID and for GLTs w and « were analyzed by qRT-PCR
and were normalized to those for 18S rRNA. Averages with SEMs from at least two samples and two independent experiments are
shown. (G and H) Pools of AS23 cells stably expressing empty (E), MBD448 (M*8), and Mbd4+8¥>14F (Y514F) constructs were analyzed.
Stable transfectants were either left unstimulated or treated with CIT, as indicated. (G) Western blot assays using an anti-MBD4 or
anti-lamin B1 Ab and stable AS23 transfectants. (H) Stable AS23 transfectants were analyzed for IgA surface expression by FACS
analyses. Averages with SEMs from at least two samples and two independent experiments are shown.

MLH1 and PMS2 in vivo (17, 36) implies that Mbd4 deficiency might impact MMR-
dependent DSB formation.

Using ligation-mediated PCR (LM-PCR) to measure Su. DSB abundance, we examined
the incidence of S DNA breaks in Mbd4 KO and control cells. We focused on the
prevalent S DSBs and not on the less frequent DSBs in downstream S regions (10).
Technical difficulties precluded analysis of staggered DNA ends via T4 DNA polymerase
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FIG 5 Su DSB formation is reduced in Mbd4-deficient cells. (A) Diagrammatic summary of AID- and BER-induced
DSB formation. (a) AID deaminates dC to produce uracil (U) residues. An AID hot spot motif (DGYW/WRCH [D stands
for G, A, or T; H stands for C, T, or A]) is shown. (b) UNG acts on U residues to produce abasic sites. (c) AP
endonucleases sever the phosphate backbone to form staggered DSBs. (d) Nucleases polish overhangs to form
blunt DSBs that are substrates in the LM-PCR. (B) The BER pathway creates SSBs. MutSa (MSH2/MSH6) and MutLa
(MLH1/PMS2) accumulate at U-G mismatches and attract Exol to an adjacent nick. Exol excises sequence between
nicks on opposite strands to generate a DSB. The gap can be filled in by a translesion polymerase, or the overhang
can be removed by a 5’ flap endonuclease (6). (C) Schematic showing the Hindlll (H3) and Sacl (S1) sites, the
LM-PCR locus-specific forward primer (arrow), and the Su probe (horizontal shaded bar), relative to I, 5" Su, S
TRs, and Su core TR elements. (D) FACS analyses of forward scatter and surface IgA on CH12 control cells at 0, 12,
and 24 h following CIT activation. (E) LM-PCR products were derived from control (Ctrl) and Mbd4 KO cells that were
either left untreated or induced with CIT for 12 h and were then analyzed by Southern blotting using the Su. probe.
Southern blots were quantified using ImageQuant software. A representative Southern blot shows 5-fold serial
dilutions of Su-specific LM-PCR products (filled triangles). Semiquantitative PCR amplification of the Mb1 gene (29,
31, and 33 cycles) (open triangles) was used as a loading control. (F) Relative levels of DSB induction in control and
Mbd4 KO cells. Data are averages from three independent samples and SEMs. The result for the control is set to
1. Asterisks indicate significant differences by Student’s two-tailed t test (**, P < 0.01).

end polishing (42). In the LM-PCR assay, an asymmetric, double-stranded oligonucle-
otide linker is ligated to blunt DSBs, and ligated products are amplified using a
locus-specific 5 S primer paired with a 3’ linker primer and are analyzed by Southern
hybridization (Fig. 5C) (10, 37). We examined Sy DSB formation in cells that were either
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left untreated or activated by CIT for 12 h, a time point before substantial CSR, as
indicated by fluorescence-activated cell sorter (FACS) analyses for surface IgA (Fig. 5D).
Semiquantitative PCR amplification of the Mb1 gene served as a loading control (Fig.
5E). Few DNA breaks were detected in unstimulated control or Mbd4 KO cells (Fig. 5E).
In contrast, following CIT treatment, DSBs were significantly induced in controls but not
in MBD4 KO cells (P < 0.01) as determined by quantification of the Southern blot data
(Fig. 5F). Our studies indicate that Mbd4 contributes significantly to CSR through the
genesis of Sy DSBs.

Mbd4 deficiency alters the location and quality of S DSBs. AID targeting to a
DNA substrate is context dependent and appears to be dictated, at least in part, by the
S region primary sequence (43, 44). We analyzed the DNA sequences at Sp. DSBs from
normal splenic B cells and compared them to those from CH12 cells as an independent
test of their physiological relevance. In WT, Msh2-deficient, and Mlh1-deficient B cells,
many S DSBs (41%) localized to AID hot spot motifs WRC/GYW (where W stands for
A or T, R stands for G or A, and Y stands for C or T) (8, 10) (Fig. 6A). In contrast, residual
DSBs in AID- or Ung-deficient B cells failed to localize in AID consensus motifs,
indicating the specificity of AID or UNG in this reaction (10) (Fig. 6A). We cloned LM-PCR
DSB products from CH12 control and Mbd4 KO cells and found that 43% and 53%
localized to AID hot spots, respectively, thereby establishing CH12 and Mbd4 KO cells
as models for DSB formation analyses (Fig. 6A). We conclude that the reduction in the
level of Su DSB formation in Mbd4 KO cells appears to be unrelated to a lapse of AID
and UNG function.

Su/Sx (where Sx is a downstream switch region) recombination crossover points
occur preferentially in Sy TRs and less commonly in 5" Sy, reflecting the distribution of
AID hot spot motifs across the S region (45). S DSBs derived from WT splenic B cells
locate predominantly (77%) at S TRs rather than in the 5’ Su region (23%) (8, 10) (Fig.
6B, left). Although Su DSBs from CH12 control cells focus more on S TRs (59%) than
on 5" Su (39%), Mbd4 KO cell-derived DSBs localize preferentially to Su TRs (82% [P <
0.05]) with an increased focus on AID hot spots (P < 0.05) relative to that for controls
(Fig. 6B, right). This DSB distribution parallels that found in Msh2-deficient B cells, which
also localize preferentially to Su. TRs (P << 0.05) and away from the 5" Su region (Fig. 6B,
left) (46). These findings are consistent with the hypothesis that Mbd4 function in the
genesis of DSBs is linked with the MMR pathway.

In S DNA, AGCT, GGCT, and TGCT (listed in order of frequency of occurrence) are
common iterations of an extended AID consensus hot spot motif, DGYW/WRCH (where
D stands for G, A, or T, H stands for C, T, or A, R stands for G or A, and W stands for A
or T). However, DGYW only partially accounts (~40%) for the Su DSB sequence
distribution. We simplified the DSB analysis and asked whether there was a preference
for nearest-neighbor nucleotides adjacent to the G-C breakpoint. Although DSBs were
evenly distributed among AG, TG, and GG in CH12 control cells and WT splenic B cells,
breaks localized more to AG in Mbd4 KO cells than in controls (47.4% versus 27.8% [P <
0.01]) (Fig. 6C and D). Enrichment of AG breaks was also found in Msh2-deficient (47.1%
versus 25.7% [P < 0.05]) and MiIh1-deficient B cells relative to WT B cells (Fig. 6C, right
and inset). We conclude that Mbd4, like Msh2, is required for the diversification of DSB
location and motif usage within S regions, which may indicate a shared mechanism for
generating and processing DSBs.

Sp-Sa joining is altered in Mbd4 KO cells. Su-Sa switch junction quality reflects
the resolution of S region DSBs and is determined in part by the integrity of the MMR
pathways in which MIh1 or Pms2 deficiency produces an increase in junctional micro-
homology (47). Junctional microhomology is observed when the precise location of the
recombination breakpoints cannot be mapped because the Sy and Sx germ line
sequences are identical at the junction (Fig. 7A). Typically, S-S junctions have 0 to 3 bp
of microhomology between the Su. donor region and the downstream Sx acceptor
region, whereas microhomology of >4 bp is rare (48). We cloned and sequenced Su-Sa
junctions from control and Mbd4 KO cells stimulated with CIT for 24 h (see Fig. S6 and
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S7 in the supplemental material). In agreement with previous studies (48), the majority
(88.2%) of Su-Sa junctions from control cells (n = 34) had microhomology between 0
and 3 nucleotides, while a minority (11.8%) displayed microhomology of 4 nucleotides
or more (Fig. 7A and B). The Su-Sa junctions from Mbd4 KO cells (n = 24) were
markedly different from those in control cells. The proportion of direct joins was
diminished in Mbd4 KO cells from that in controls (12% versus 29.4% [P < 0.05]), while
the proportion of joins with 4 or more nucleotides increased (29.2% versus 11.8% [P <
0.05]) (Fig. 7B). Overall, the average microhomology length increased from 1.91 nucle-
otides for controls to 2.82 nucleotides for Mbd4 KO cells, and this difference is
significant (P, 0.046 by the Mann-Whitney test) (Fig. 7C). The increased microhomology
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proportions of Su-Sa junctions displaying microhomology from CH12 control and Mbd4 KO cells.

at Su-Sa junctions in Mbd4 KO cells is similar to that found for MIh1-deficient cells (47)
and implies that Mbd4 contributes to efficient repair of DSBs into direct joins.

DISCUSSION

In this report, we identify a role for Mbd4 in CSR and the formation of S region-
specific DSBs. Induction of Mbd4-deficient B cell lines constructed using both classical
targeted homologous recombination and CRISPR methods led to 80% reduced CSR
frequency. Complementation studies revealed that ectopic expression of FL MBD4
caused cellular toxicity. Several lines of evidence have implicated MBD4 in apoptotic
control or signaling (49). MBD4 has been shown to interact directly with proapoptotic
Fas-associated death domain protein (FADD) in a complex with MLH1 (50). MBD4 was
also found to bind MLH1 and DNA methyltransferase 1 (DNMT1) in Xenopus embryos
(51). Depletion of MBD4 or MLH1 increased the survival of DNMT1-depleted Xenopus
embryos, while overexpression induced apoptosis (51). These studies provide a plau-
sible explanation for B cell death upon exposure to ectopically expressed FL MBD4. We
circumvented this issue by expressing MBD4 exons 4 to 8. Although truncated MBD4
rescued CSR, the Y514F substitution that renders the MBD4 uracil DNA glycosylase
inactive (15, 21) failed to support CSR. The Y514 residue is outside the MBD4-MLH1
interaction region (based on the analogous human MBD4-MLH1 interaction site [36])
and is unlikely to interfere with these interactions. Collectively, our studies suggest that
MBD4 function in CSR requires the Mbd4 uracil DNA glycosylase activity.

Analysis of MBD4 protein in CH12 and B cells revealed the expression of FL and SF
isoforms. We considered the intriguing possibility that SF MBD4 is functionally required
for efficient CSR while the FL MBD4 is dispensable. First, in Mbd422->/42-5 B cells, some
version of the SF MBD4 was expressed and CSR was intact. Second, when expression of
both the FL and SF MBD4 isoforms was abolished (measured at the transcript and
protein levels), CSR was diminished in our Mbd4-deficient cell lines. FL MBD4 carries the
MBD, which may be crucial for DNA demethylation and dispensable for CSR. Finally, our
complementation studies indicated that MBD4 exons 4 to 8 were sufficient to support
CSR, albeit modestly. Further studies are necessary to determine the relative contribu-
tions of FL MBD4 and SF MBD4 to CSR.

During CSR, S region DSBs are obligate intermediates that result from the removal
of uracil introduced by AID deamination. Our analyses of Sy DSBs in Mbd4-deficient
cells revealed striking similarities to those detected in MMR-deficient B cells. First, Msh2-
and MiIh1-deficient B cells (8) and Mbd4-deficient cell lines all had fewer Sy DSBs than
their WT cell counterparts upon CSR activation. Second, rare Sy DSBs from Msh2-
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deficient B cells accumulated in Si TRs and were underrepresented in the 5'Su region.
Mbd4 deficiency led to a similarly perturbed distribution of Sy DSBs. Finally, Su DSBs
from Mbd4- or Msh2-deficient cells displayed increased localization to AID hot spots and
increased homogeneity of the breakpoint sequence in nearest-neighbor analyses. AID
hot spot motifs densely populate the Su TRs, whereas these motifs are sparsely
represented in the 5’ Su. region. It has been proposed that when distantly spaced uracil
residues undergo single-strand scission via BER, long DNA overhangs are produced and
are then processed to yield DSBs (6) (Fig. 5B). By this logic, long DNA overhangs are
more likely to occur in the 5’ Su region, where uracil residues are far apart due to the
relative paucity of AID hot spot motifs than they are in the TRs. Thus, in Mbd4- and
MMR-deficient cells, the 5" Su region is underutilized as a site for DSB formation,
presumably because the processing of long DNA overhangs into DSBs is impaired.
Collectively, our DSB formation findings raise the intriguing possibility that MBD4 is
epistatically related to the MMR pathway. The association of MBD4 with the MutLa
heterodimer constituents MLH1 and PMS2 supports this view (17, 36). Residual CSR in
our Mbd4 KO cells presumably arises independently of MBD4 and the MMR pathway
and may be due to endogenous UNG levels.

Analysis of S-S junctions is an excellent readout for the end-joining processes that
ligate broken DNA ends (48). Two mechanistically distinct pathways are known to repair
DSBs during CSR: classical NHEJ and alternative-end joining with long microhomologies
(9). S-S junctions from B cells that lack the NHEJ component DNA ligase IV or XRCC4
contain long stretches of microhomology (>3 nt), characteristic of alternative-end
joining (9). It has been noted that alternative-end joining may represent not a distinct
pathway but rather a default pathway that arises when NHEJ components are absent
(52). Mbd4 deficiency resulted in Su-Sa junctions with longer microhomologies and
fewer direct joins, a profile similar to those for Mlh1- or Pms2-deficient B cells (47). In
contrast, Msh2-deficient B cells do not show increased junctional microhomologies,
indicating that MMR pathway deficiencies may have different roles in DSB repair during
CSR (48).

How might MBD4 function in the context of MMR and DSB formation? In the
classical model of MMR-mediated DSB processing, there is recognition of U-G mis-
matches by MutSa/MutLa that cause complex activation and translocation along the
DNA contour (Fig. 5B). Collision of PCNA loaded at a cleaved abasic site with the
MutSa/MutLa complex activates MutLa endonucleolytic activity, which introduces
additional nicks into the DNA strand (53). These nicks are used by Exol as an entry site
for the degradation of DNA in the 5'—3" direction. Exol removes the U-G mismatch and
adjacent bases, creating a single-stranded gap, which, when opposite an SSB on the
complementary strand, forms a DSB (Fig. 5Bc). A second model posits that assembly of
the MutLa complex is an early event and that, once formed, the complex slides along
DNA and contacts mismatch-activated MutSa, whereupon the MutLa endonuclease
activity is activated (54). The key difference is that MutLa can independently slide along
the DNA contour in the second model. This hypothesis is consistent with the finding
that MIh1 has functions in CSR that are independent of Msh2 (55). We suggest that the
association of MBD4 with MutLa might allow MMR-dependent recognition of uracil
residues and the creation of abasic sites via MBD4, which, in turn, triggers the
recruitment of PCNA in a feed-forward mechanism leading to enhanced Exol recruit-
ment and increased DSB formation. In our proposal, MBD4 activity amplifies the
creation of DSBs through the MMR pathway and increases the efficiency of CSR. More
work is needed to verify key features of our proposal.

MATERIALS AND METHODS

Mice, cell culture, and proliferation assays. CH12.F3 cells were grown in culture, activated to
undergo CSR by the addition of CD40L, IL-4, and TGF-B (CIT), and analyzed by FACS for surface IgA, as
described previously (17). A subclone of CH12, C.24, was isolated by limiting dilution and was targeted
by homologous recombination for deletion of Mbd4 exons 6 to 8 and the 3’ UTR (Fig. S1A). C.24 and its
sister clones (C.2, C.4) retain IgA switching frequencies similar to those of the parental bulk cultures, as
assessed in FACS analyses (Fig. STA and B). The C.24 subclone was further analyzed by limiting dilution,
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and daughter subclones (C.24.1, C.24.5, and C.24.6) expressed similar CSR frequencies following CIT
activation, indicating the stability of this phenotype (Fig. STA and B). The CSR frequencies associated
with subclones derived from 1A-124/+ (1A-124/+05 1A-124/+06) gnd TA-1247A (1A-124/803, 1 A-124/004
1A-1247805) (with one exception, 1A-124/+04) recapitulate the u—a CSR frequency of their parental
clones, TA-12V+ and 1A-12V/2, CFSE (Invitrogen C1157) was used to assess cell proliferation, as described
previously (56). Proliferation was monitored by flow cytometry analyses that include 10,000 to 15,000
events gated on live lymphoid cells using Cyan ADP (DakoCytomation) and Summit software (Becton,
Dickinson). Mice were bred under specific-pathogen-free conditions in a fully accredited animal facility
at the University of lllinois College of Medicine. All procedures involving mice were approved by the
Institutional Animal Care Committee of the University of lllinois College of Medicine. Mbd442-5/42-5 mice
were a kind gift from A. Bellacosa (Fox Chase) (16). Splenic B cells were isolated and activated with
lipopolysaccharide (LPS) and IL-4 as described previously (57).

Western blotting, qRT-PCR, and microarray analyses. Cytoplasmic and nuclear extracts were
prepared, and Western blot analyses were carried out, as described previously (17). An affinity-purified
anti-AID Ab was generated (Anaspec) as described previously (58) and was further adsorbed using lysates
from AID-deficient mice. qRT-PCR was performed as described previously (58) using primers for 185 RNA
(59) and AID (57), primers GLTu-F (5'-CTCTGGCCCTGCTTATTGTTG-3') and GLTu-R (5'-GAAGACATTTGG
GAAGGACTGACT-3’), and primers GLTa-F (5'-CCTGGCTGTTCCCCTATGAA-3’) and GLTa-R (5'-CGGAAGG
GAAGTAATCGTGA-3'). Mbd4 primers were F1 and R1 (14), R2 (5'-ATGCATCACCACACAGCTAACAGAAT-3'),
R3 (5'-AGGGGTCCATTTCTTGAAGG-3’), F4 (5'-ACCAAAGCTGCCTTCACACT-3’) and R4 (5'-TCCTTTGTTCCT
TGCCCAAC-3'), R5 (5'-CCATGAAGCTCAATCGGATACC-3'), F6.1 (5'-CACCGAAGTGGCCCGAGCTGC CGAQ),
and R8.1 (5'-TCA AGA TAG ACT TAA TTT TTC ATG ATT-3’). For microarray analyses, control or Mbd4 KO
cells were CIT activated for 24 h; two independent mRNA samples from each cell type were purified using
the RNeasy MinElute cleanup kit (catalog no. 74204; Qiagen); and cDNAs were synthesized and hybrid-
ized to Mouse Gene 1.0 ST arrays (catalog no. 901171; Affymetrix) according to the manufacturer’s
instructions. Hybridization signal intensities were normalized by quantiles and were summarized using
the robust multiarray average (RMA) method. Data were analyzed using the Partek, Inc., Genomics Suite
statistical package and are available in the GEO database (GEO accession no. GSE51559).

Accession number(s). Microarray data comparing gene expression in CH12 control cells with that in
Mbd4 KO cells have been deposited in the Gene Expression Omnibus (GEO) database (http://
www.ncbi.nlm.nih.gov/geo/) under accession number GSE51559.
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