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SHLD2 promotes class switch recombination by
preventing inactivating deletions within the

Igh locus
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Abstract

The newly identified shieldin complex, composed of SHLD1, SHLD2,
SHLD3, and REV7, lies downstream of 53BP1 and acts to inhibit
DNA resection and promote NHE). Here, we show that Shld2~/~
mice have defective class switch recombination (CSR) and that loss
of SHLD2 can suppress the embryonic lethality of a Brca1*! muta-
tion, highlighting its role as a key effector of 53BP1. Lymphocyte
development and RAG1/2-mediated recombination were unaf-
fected by SHLD2 deficiency. Interestingly, a significant fraction of
Shid2~/~ primary B-cells and 53BP1- and shieldin-deficient
CH12F3-2 B-cells permanently lose expression of immunoglobulin
upon induction of CSR; this population of Ig-negative cells is also
seen in other NHEJ-deficient cells and to a much lesser extent in
WT cells. This loss of Ig is due to recombination coupled with over-
active resection and loss of coding exons in the downstream
acceptor constant region. Collectively, these data show that SHLD2
is the key effector of 53BP1 and critical for CSR in vivo by suppress-
ing large deletions within the Igh locus.
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Introduction

Across multiple phyla, adaptive immunity requires programmed
DNA damage and concomitant repair to generate antigen receptor
diversity and fine-tune the immune response. These phenomena are
also particularly well suited for studying the various DNA repair
pathways responsible for maintaining genome integrity. In particu-
lar, the humoral response mediated by B-cells requires the non-
homologous end-joining (NHEJ) repair pathway for V(D)J

recombination of the antigen-binding immunoglobulin (Ig) variable
region, as well as class switch recombination (CSR) of the Ig
constant regions (Kenter, 2005). Activation-induced cytidine deami-
nase (AID) plays a central role in humoral immunity by inducing
somatic hypermutation (SHM) and CSR that function to increase the
antibody affinity and alter the antibody isotype, respectively (Mura-
matsu et al, 2000). AID accomplishes these processes by deaminat-
ing dC to produce dU within the immunoglobulin DNA encoding the
variable region and the non-coding switch regions (Martin et al,
2002; Petersen-Mahrt et al, 2002; Bransteitter et al, 2003). At this
point, both processes diverge: In the context of SHM, damage
produced by AID at the variable region is engaged by base excision
repair and mismatch repair pathways leading to small mutations
that may potentially increase the affinity of the antibody to antigen
(Cascalho et al, 1998; Wiesendanger et al, 2000; Di Noia &
Neuberger, 2002; Martin et al, 2003; Rada et al, 2004; Wilson et al,
2005). By contrast in CSR, damage produced by AID at the switch p
(Sw) and downstream switch regions (Sy, Se, and Sa) is engaged by
the same DNA repair pathways, with the distinction that these
lesions are converted to double-stranded DNA breaks (DSBs),
followed by synapsis and ligation of distant ends through NHEJ or
the poorly defined alternative end joining (Pan et al, 2002; Kenter,
2005; Masani et al, 2016). The process of CSR allows for the expres-
sion of a novel downstream Ig constant region, with differing
effector functions, with the pre-existing variable region.

The joining reaction during CSR requires the NHEJ pathway. One
member, 53BP1, plays a key role in CSR (Manis et al, 2004) by
inhibiting DNA end resection (Bothmer et al, 2010; Bunting et al,
2010), thereby shuttling the repair of DSBs toward NHEJ instead of
the homologous recombination pathway. Downstream of 53BP1 lies
RIF1 that further facilitates DNA end protection and is necessary for
CSR (Chapman et al, 2013; Di Virgilio et al, 2013; Escribano-Diaz
et al, 2013; Zimmermann et al, 2013). The recently identified
shieldin complex, that lies immediately downstream of the 53BP1-
RIF1 axis, is necessary for CSR, NHEJ, and telomere protection (Dev
et al, 2018; Findlay et al, 2018; Ghezraoui et al, 2018; Gupta et al,
2018; Noordermeer et al, 2018; Tomida et al, 2018). Shieldin is
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composed of REV7, SHLD1, SHLD2, and SHLD3. SHLD2 has three
OB-fold domains that bind to single-stranded DNA (Noordermeer
et al, 2018; Setiaputra & Durocher, 2019), much like RPA1 and
POT1 proteins, and appears to be the factor proximally responsible
for the end protection role ascribed to the S3BP1 pathway (Dev
et al, 2018; Findlay et al, 2018; Gupta et al, 2018; Noordermeer
et al, 2018; Tomida et al, 2018). Some shieldin components have
been demonstrated to promote CSR in B-cell lines (Gupta et al,
2018; Noordermeer et al, 2018), and 53BP1/RIF1/REV7-deficient
mice have also been observed to have profoundly impaired CSR
(Manis et al, 2004; Chapman et al, 2013; Di Virgilio et al, 2013;
Ghezraoui et al, 2018). By contrast, the importance of SHLDI,
SHLD2, and SHLD3 on CSR in mice has not been tested. In this
report, we show that SHLD2 deficiency impairs CSR in mice but has
no impact on early B-cell development and V(D)J recombination.
We further show that Shid2~/~ primary B-cells, as well as 53BP1-,
shieldin-, and other NHEJ-deficient CH12F3-2 B-cells (hereafter
referred to as CH12 cells), exhibit a significant population with low-
to-no expression of Ig upon induction of CSR. This effect is perma-
nent as cells do not recover Ig expression. Our analysis shows that a
large proportion of these Ig'® CH12 cells have undergone CSR to IgA,
however with major deletions of the Ighm and Igha loci that lead to
loss of Ca constant region exons. These data suggest that 53BP1 or
shieldin deficiency does not lead to reduced recombination at the
DNA level per se, but rather to a relative increase in non-productive
CSR that inactivates the Igh locus. These results also support a role
of the shieldin complex in preventing resection of DNA.

Results

Lymphocyte development and B-cell populations largely
unaffected by Shld2 deficiency

Shld2 knockout mice (Shid2¢m-dev/em-del  roferred hereafter as
Shid2™/~) were generated by microinjection of Cas9 ribonucleopro-
tein complexes targeting exon 4 in the C57BL/6 background, and a
founder mouse with a large out-of-frame deletion (248 bp) was
generated (Fig 1A). Histopathology examination of various organs
and tissues reported no significant pathologies in the Shid2™~/~ mice
relative to controls (see Materials and Methods).

One of the most remarkable genetic interaction observed among
DNA repair-coding genes is the ability of 53BPI mutations to
suppress the embryonic lethality and cell lethality associated with
BRCA1 loss-of-function alleles (Cao et al, 2009; Bouwman et al,
2010; Bunting et al, 2010). There is currently some debate as to
which effector of 53BP1 is responsible to enforce lethality in BRCA1
mutants since the loss PTIP-interacting 53BP1-S25 residue in mice
results in viable Breal”'/*!" animals suggesting that PTIP is a criti-
cal mediator of the embryonic lethality of BRCA1-deficient animals.
However, Brcal?!'/41L; 53pp152°A/S25A mice display phenotypes
such as premature aging, and mouse embryo fibroblasts derived
from these mice remain profoundly HR-deficient due to the presence
of the RIF1-shieldin axis (Callen et al, 2019). To test the impact of
shieldin depletion on the viability of the Brcal?!! allele (exon 11
deleted), we combined the Shid2-null allele with the Brcal?!'! muta-
tion by Shid2~/"; Brcal®™/* x Shld2~/*; Brcal®'"* intercrosses.
We monitored the genotype of 96 live births and found that
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introduction of the Shld2 mutation suppressed the embryonic lethal-
ity of the Brcal“!! allele (Xu et al, 2001) (Table 1; x* = 33.208,
P =5.649 x 107°). At the time of submission, all double-mutant
mice were alive and appeared normal, with the oldest mouse being
27.5 weeks old. These results indicate that SHLD2 is a key effector
of 53BP1 with respect to the lethality of BRCA1 loss.

In Shid2™/~ mice, there was no apparent block in B- and T-cell
development in the bone marrow and thymus, respectively, particu-
larly at the Hardy fraction C or DN3 populations corresponding to
the pre-BCR and pre-TCR selection stages (Figs 1B and C, and EV1A
and D). Moreover, marginal zone and follicular B-cells in the spleen,
as well as Bl cells in the peritoneal cavity, were unaffected by
SHLD?2 deficiency (Figs 1D and E, and EV1B and C). This apparent
lack of a defect in lymphocyte developmental suggests that V(D)J
recombination mediated by the RAG1/2 recombinase is unaffected
by SHLD2 deficiency. To test this notion, we transduced A70.2 INV-
4 cell line with CRISPR lentivirus targeting the 53bp1, Shild1, Shld2,
Shld3, and Lig4 genes. In this cell line, imatinib-induced RAG-
mediated recombination of a genomically integrated artificial
substrate results in GFP expression (Bredemeyer et al, 2006). In the
bulk-edited A70.2 cells, despite similar indel penetrance using the
various CRISPR constructs and low baseline frequency of GFP
expression (Fig EV1E and F), the only defect in GFP expression was
in cells transduced with Lig4-targeting sgRNA (Fig 1F). Hence,
SHLD2 deficiency does not impact V(D)J recombination, consistent
with what was observed in the Mb1%®* Rev?"" mice (Ghezraoui
et al, 2018).

SHLD2 is necessary for class switch recombination

To determine whether SHLD2 functions in CSR in vivo, we first
examined the steady-state levels of serum Ig isotypes. We found that
the levels of IgM in the serum of unimmunized Shid2™/~ mice were
normal, but IgG2b and IgG3 isotypes had reduced concentrations
relative to wild type (Fig 2A). Interestingly, IgA levels seemed to be
elevated in Shid2™/~ animals, perhaps pointing to a reduced depen-
dence of IgA CSR on NHEJ, as previously reported (Li et al, 2018).
To further test the role of SHLD2 in CSR, we purified splenic B-cells
and induced them to switch to various isotypes using different stim-
ulation cocktails. We found that ex vivo CSR to all tested Ig isotypes
shows a clear impairment of Shid2™/~ B-cells relative to WT
(Figs 2B and EV2A), and this impairment was not due to a decrease
in AID protein or sterile transcript expression (Fig EV2B and C). In
addition, using an experimental system in which class switch is
mediated by Cas9 (Ling et al, 2018), we found that neither 53BP1
nor SHLD2 deficiency affected this pseudo-CSR (Fig EV2D). This
finding is similar to previous results involving 53BP1 deficiency and
I-Scel-mediated CSR (Bothmer et al, 2010), pointing to a unique rela-
tionship between 53BP1/shieldin function and AID-mediated DNA
damage.

To examine the effect of SHLD2 on antigen-specific CSR, mice
were immunized with 4-Hydroxy-3-nitrophenylacetyl Chicken
Gamma Globulin (NP-CGG). Shld2~/~ mice had reduced NP-specific
serum of the IgG1, IgG2a, IgG2b, and IgG3 classes relative to WT, as
well as a trend to increased NP-specific IgM (Fig 2C). In some cases,
the NP-specific serum Ig defect in Shid2~/~ mice was intermediate
between WT and 53bpl~/~ animals. In addition, Shid2~/~ splenic
NP-specific 1gG1-secreting cells were ~7-fold reduced compared to
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WT and congruent with 53bp1~/~ results (Fig 2D). Moreover, there
was no apparent difference in splenic germinal center B-cell
frequency before or after NP-CGG immunization, suggesting that the
Shid2~/~ CSR defect is on the molecular level of end joining
(Fig EV3). All together, these data show a critical function of SHLD2
in CSR in mice, supporting previous findings in the CH12 B-cell line
(Noordermeer et al, 2018).

EMBO reports

Deficiency in the shieldin complex and other NHE] factors exhibit
a permanent Ig'° population upon CSR

In carrying out the ex vivo CSR of WT and Shid2=/~ B-cells, we
observed that Shid2~/~ B-cells stimulated with LPS and IL4 showed
an increased proportion of IgM™ IgG1% cells relative to WT cells at
day 6 post-stimulation (Fig 3A). This phenomenon was also
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Figure 1. SHLD2 does not affect lymphocyte development or V(D)J recombination.

A Schematic of the Shld2 exon 4 showing the 3 sgRNAs used to produce a 251 base pair deletion in one founder line that leads to a frameshift and usage of a

premature stop codon.

B Characterization of the various B-cell progenitor fractions as described by Hardy et al (1991) in the bone marrow of 4 wild-type and 4 Shid2 /= littermate controls.

Gating strategy for measuring these populations is shown in Fig EV1A.

C Characterization of the indicated thymic T-cell populations in the bone marrow of 4 wild-type and 4 Shid2~'~ littermate controls. Gating strategy for measuring

these populations is shown in Fig EV1D.

D Characterization of the indicated immature and mature splenic B-cell populations in the bone marrow of 4 wild-type and 4 Shld2~/~ littermate controls. Gating

strategy for measuring these populations is shown in Fig EV1B.

E Characterization of the indicated peritoneal B-cell populations in the bone marrow of 4 wild-type and 4 Shid2~/~ littermate controls. Gating strategy for measuring

these populations is shown in Fig EV1C.

F  Left panel: Schematic of the A70.2 INV-4 cell line strategy to induce RAG1/2-mediated recombination using imatinib. Right panel: A70.2 INV-4 cell lines were
transduced with lentiviruses encoding the lentiCRISPRv2 expressing sgRNAs against the 53bp1, Shld1, Shid2, Shld3, and Lig4 genes. Guide RNA targeting chicken AID
was used as a negative control (Ctrl). Cells were selected with puromycin and treated with 3 uM imatinib for 4 days after which GFP frequency was measured
(mean + SD of 3 biological replicates). The insertion—deletion (indel) penetrance as measured by TIDE analysis (Brinkman et al, 2014) of sequence for each of these
sgRNA constructs is shown in Fig EV1E, and the baseline GFP frequency prior to imatinib stimulation is shown in Fig EV1F. sgRNA sequences used are shown in

Table EV2.

Table 1. Genotypes of the Shid2*/~; Brca1/*** x Shld2*'~; Brca1'*'*
intercross.

Total Observed Expected
Genotype mice frequency frequency
Shld2*"*; Brca1*’* 8 0.0833 0.0625
Shid2*'~; Brca1** 6 0.0625 0125
Shld2~'=; Brea1*’* 10 01042 0.0625
Shld2*"*; Brca141/* 12 0.1250 0125
Shld2*'~; Brca141¥* 37 0.3854 0.25
Shld2~'~; Brca14¥* 14 01458 0125
Shld2*"*; Brca141¥41t o - 0.0625
Shld2*~; Brca1#¥411 0 - 0125
Shld2~'~; Brca14/411 9 0.0938 0.0625
Total 96

x* =33208, P =5649 x 10",

recapitulated in 53bpl1~/~, Shid1~/~, Shid2~/~/~, and Shld3~/~
CH12 B-cells at 3 days after stimulating with the CIT cocktail (anti-
CDA40, IL4, TGFp) that induces CSR to IgA (Fig 3B). We also found
that CH12 cells deficient in other NHEJ factors such as KU70, KUS80,
DNA-PKcs, XLF, XRCC4, and LIG4 (but not PAXX) (Appendix Fig
S1) have reduced CSR to IgA and an increased Ig10 population
(Fig 3B and C). The presence of this Ig'® population was temporary
and was reduced by 9 days post-stimulation in ex vivo B-cells
(Fig 3A) and 7 days post-CIT stimulation in 53bpl~/~, Shid2~/~/~,

Figure 2. SHLD2-deficient mice have defects in class switch recombination.

and Shld3~/~ CH12F3-2 B-cells (Fig 4A), as well as in CHI12 cells
deficient in Shld1, KU70, KU80, XLF, XRCC4, and LIG4 (Fig EV4A).

DSB formation has been shown to transiently reduce expression
of a gene, a process mediated by ATM (Harding et al, 2015). Hence,
cells deficient in NHEJ factors might have Igh DSBs that persist
longer than in WT cells, and thus impose a longer-lasting decrease
in Ig expression. To test whether this Ig'® population was exhibiting
a transient decrease in Ig expression or was being diluted from the
population due to increased death and/or decreased proliferation,
WT and mutant CH12 cells were stimulated with CIT for 3 days,
and IgM™ IgA~, IgM~ IgA™, and IgM'"® IgA"° populations from WT,
53bp1’/’, Shld2=/~/~, and Shld3~/~ CH12 cells were sorted out and
re-cultured for 5 or 12 days. Notably, all three populations from all
CH12 genotypes largely maintained their Ig expression phenotype at
the point of sorting (Figs 4B and EV4B). These data suggest that
CSR induces a permanent reduced Ig expression in 53bpl~/~ and
Shid™™" CH12 cells.

CSR in 53bp1~'~ and Shid2~/~'~ CH12 cells leads to aberrant
recombination involving deletions in the acceptor
constant region

The finding that CSR induction generates a persistent Ig10 popula-
tion in 53bp1/~ and Shld™" CH12 cells suggests that the Igh locus
has been inactivated. One possible explanation for this phenom-
enon is that 53bpI /" and other NHEJ-deficient CH12 cells exhib-
ited increased DNA resection during CSR, leading to loss of
sequences that allow for surface expression of IgH. To test this
notion, IglO cells from WT, 53bp1’/’, and Shid2~/~/~ CH12 cells

A Concentration of the various indicated isotypes in the serum of 6- to 8-week-old unimmunized WT and Shid2~'~ mice. Values are mean concentration + SD of 4

biological replicates; **P < 0.01, unpaired two-tailed t-test.

B B-cells were purified from spleens from WT and Shid2~/~ mice, and stimulated to undergo CSR to the various indicated isotypes using different stimulation cocktails
(Li et al, 2018). Cells were then analyzed by flow cytometry for expression of the various indicated isotypes, and the percent expression of each isotype is reported.
Values are mean frequency + SD of 4 biological replicates; ****P < 0.0001, unpaired two-tailed t-test.

C WT, 53bpl’/’, and Shid2~/~ mice were immunized with NP-CGG, the serum was withdrawn 2 weeks post-immunization, and serial dilutions were subjected to ELISA
analysis for NP-specific antibodies of the indicated isotypes. Values are mean absorbance + SD of 4 biological replicates.

D WT, 53bpl’/’, and Shid2~'~ mice were immunized with NP-CGG, spleens were isolated, and anti-IgG-secreting cells were enumerated by the ELISPOT assay. Values
are mean frequency + SD of 4 biological replicates, except for Shid2 ~(n = 3); *P < 0.05, **P < 0.01, unpaired two-tailed t-test.
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were sorted, and subcloned, and expression for IgM and IgA was
re-assessed by flow cytometry to confirm that Ig expression
remained negative or low (Appendix Fig S2). To test whether
expression of IgM or IgA was affected at the mRNA level, we used
primers that amplified the entire coding region of the IgM and IgA
transcript from the leader sequence to stop codon. For the WT Ig10

Alexanda K Ling et al

subclones, we found that most expressed IgA at the mRNA level;
however, 50% (4/8) of tested subclones only expressed “truncated”
(~0.7 kb) IgA cDNAs relative to the full-length IgA mRNA
(~1.6 kb); the positive control also has a truncated IgA cDNA band
likely corresponding to a mis-spliced product (Fig 5A). For the
53bp1~/~ Ig10 subclones, 72% (18/25) of tested subclones only

Ex vivo B cell
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Figure 3. SHLD2-deficient B-cells and B-cells deficient in other NHE) factors exhibit an Ig'® population upon CSR induction.

A WT and Shid2~/~ B-cells were purified from spleens and stimulated with LPS + IL4

and examined for IgM and 1gG1 expression 3, 6, and 9 days post-stimulation by

flow cytometry. Representative plots are shown for both WT and Shid2~'~ B-cells 6 days post-stimulation. The graph plots show proportion of I1gG1* and Ig" cells,
mean =+ SD from 6 biological replicates; **P < 0.01, ***P < 0.001, two-way ANOVA with post hoc Dunnett’s test.

B WT CH12 cells, as well as two each of 53BP1-, SHLD1-, SHLD2-, and SHLD3-deficient clones generated previously (Noordermeer et al, 2018), as well as a LIG4-deficient
CH12 clone, were subjected to CSR induction with the CIT cocktail and measured for both IgM and IgA expression by flow cytometry. Representative flow plots for WT
and 53bp1~/~ CH12 cells are shown at day 3 post-CIT stimulation. The graph plots show proportion of IgA* and Ig'® CH12 cells, mean =+ SD from 3 biological
replicates; *P < 0.05, ****P < 0.0001, two-way ANOVA with post hoc Dunnett’s test. The letters below the x-axis represent the clone codes for the 53BP1-, SHLD1-,
SHLD2-, and SHLD3-deficient CH12 clones. One LIG4-deficient CH12 clone was also used.

The XIf, Ku70, Ku80, Xrcc4, and Paxx genes were knocked out in CH12 cells by CRISPR, and two independent clones each were analyzed as in Fig 3B with mean + 3

biological replicates; *P < 0.05, ****P < 0.0001, two-way ANOVA with post hoc Dunnett’s test.
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Figure 4. Reduced Ig expression in 53BP1-, SHLD2-, and SHLD3-deficient CH12 cells is permanent and dependent on CSR.
A WT and two independent clones each of 53bp1’/’, Shid2~'~/~, and Shid3~/~ CH12 cells were stimulated with CIT and analyzed by flow cytometry for IgM and IgA
expression. The Ig'® population was reduced after 7 days in culture. Values are mean =+ SD from 3 biological replicates; *P < 0.05, **P < 0.01, ****p < 00001, two-

way ANOVA with post hoc Dunnett’s test.
B WT and two independent clones each of 53bp1~'~, Shid2~/~/~, and Shld3~/~ CH12 clones were stimulated with CIT for 3 days. The IgM*, IgA*, and Ig'® populations
were sorted and reanalyzed for expression of I|gM and IgA 5 days post-sort as well as 12 days post-sort (see Fig EV4B). Shown on bar graphs are sorted IgM*, IgA*,

and Ig‘o populations (each column, 1 technical replicate) from WT and mutant CH12 clones, and the percent of cells expressing IgM, IgA, or low for both isotypes (Ig“’)

after 5 days of culture post-sort. A representative flow plot of 53bp1~/~ CH12 3 days post-CIT treatment is shown.

expressed truncated IgA ¢cDNAs (~0.7 or 1 kb); a small fraction of
subclones expressed neither IgM or IgA cDNA, and at least one
clone (D01) appeared oligoclonal by expressing both IgM and IgA
transcripts (Fig 5A). Likewise, Shid2~/~/~ 1g'° subclones also
expressed truncated or no IgA transcripts, as compared with
Shid2~/~/~ IgA™ subclones which expressed the full-length IgA
transcript (Fig 5B).

To determine the nature of these truncated IgA cDNAs, we
sequenced the IgA amplicons for select WT Ig'® CH12 subclones.
The analysis showed that these subclones expressed IgA mRNAs

© 2020 The Authors

that were variably missing exons Cal, Ca2, and Ca3 (Fig SC). These
data suggest that many of the Ig'° clones in WT, 53bpl~/~, and
Shld2~/~/~ CHI12 cells had developed deletions during CSR that
either deleted or affected splicing of IgA constant region Co exons to
the variable region VDJ exon.

To confirm these deletions at the DNA level, we extracted DNA
from these subclones and assayed for Ighm and Igha deletions on
the assumption that most of the Ig'° subclones had undergone
recombination. Using a long-range PCR assay, we attempted to
amplify a region between the Ighm Ip exon and the Igha M exon
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Figure 5. Loss of Ig cell-surface expression in CH12 cells is accompanied by aberrant IgA transcripts.

A mRNA expression analysis of IgM and IgA was carried out by RT-PCR for Ig'® subclones from WT and two independent 53bp1‘/‘ CH12 (TA and T1) clones. The Ig°
subclones derived from the 53bp1~/~ CH12 TA clone are listed as D01-D18, while the Ig‘° subclones derived from the 53bpl’/’ CH12 T1 clone are listed as FO3-F24.
Gels show the RT—PCR analysis for IgM cDNA (top), IgA cDNA (middle), and AID cDNA (bottom) as control. Appendix Fig S2 shows the expression of IgA and IgM by

flow cytometry for each of these subclones.

B mRNA expression analysis as in A of Ig'° subclones of two independent Shid27+ (F2 and F3) clones and IgA* subclones from Shid2™ clone F3. The Ig'° subclones
derived from the Shld2”"~ CH12 F2 clone are listed as H03-H40, while the Ig"° subclones derived from the Shid2-CH12 F3 clone are listed as J02-J109.

C Representative IgA cDNA sequence analysis from WT Ig'® clones.

downstream of Ca3, with the maximal size of the amplicon expected
to be at ~12 kb (Fig 6A). Almost all the subclones, both Iglo and
IgA™, yielded long-range amplicons and confirmed that Ig'® cells
have undergone recombination (Fig 6B and C). In many cases, there
was more than one amplicon from each subclone, which is likely
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due to recombination of both the productive and non-productive
(without the rearranged VDJ exon) Igh alleles; alternatively but not
mutually exclusively, some of the subclones may have been or
become oligoclonal at the point of or after subcloning. Moreover,
many of the amplicons from 53bp1~/~ and Shld2~~/~ 1g° subclones
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Figure 6. Loss of Ig expression in CH12 cells is accompanied by large deletions within the IgA constant region.

A Long-range PCR of Ig" subclones from WT and two independent 53bpl’/’ CH12 (TA and T1) clones. The Ig'® subclones derived from the 53bpl"‘ CH12 TA clone are
listed as D01-D18, while the Ig'° subclones derived from the 53bp1~/~ CH12 T1 clone are listed as FO3-F24. Gels show long-range amplicons (top) and AID genomic
DNA PCR control (bottom).

B Long-range PCR as in B of Ig"® subclones of two independent Shid2”~ (F2 and F3) clones (left 2 panels) and IgA+ subclones from Shid2 " clone F3.

C Sequence analysis of a representative subset of long-range PCR amplicons. Symbol annotations: (*) inverted fragment, () rearranged fragment order, (f) amplified
with the EpF primer rather than IuF, and (f) undamaged Co coding sequence.
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were shorter than amplicons from Shid27/~~ IgA* subclones,
suggesting that the Ig'® amplicons had large deletions within the
IgH region (Fig 6B and C). To assess the extent of these deletions,
some of these long-range amplicons were sequenced (Fig 6D). Most
of the sequenced amplicons had deletions of Ca exons, although
12% had no deletion of coding sequence, which may be due to the
capture of both productive and non-productive Igh alleles. Interest-
ingly, only 6% of the Ighm-Igha junctions were direct joins, with
the other junctions either incorporating microhomology or sequence
insertion (Fig EV5), suggesting that many of these junctions are the
product of alternative end joining. All together, these data show
that 53BP1 and SHLD2 deficiency leads to aberrant CSR that
involves loss of coding sequence in the acceptor constant region.
These data thereby provide an explanation for the increased loss of
Ig expression in NHEJ-deficient B-cells undergoing CSR, which
supports the role of the 53BP1-Rifl-shieldin axis in inhibiting DNA
resection.

Discussion

The recently characterized shieldin complex composed of SHLD1/2/
3, and REV7 exhibits increased end resection during DSB repair
leading to defective NHEJ and CSR. This work has been accom-
plished in cell lines, with the exception of REV7 (Ghezraoui et al,
2018). In this report, we generated Shld2~/~ mice and report that
SHLD2 deficiency largely recapitulated 53BP1 deficiency (Manis
et al, 2004) in terms of a defect in CSR and largely normal lympho-
cyte development and V(D)J recombination. This work establishes
the shieldin complex as an essential factor in CSR in vivo. Further-
more, this work further shows that SHLD2 is the main effector medi-
ating the epistatic antagonism of 53BP1 on BRCA1. The observation
that Brcal®'/41%; Shid2~/~/~ mice are viable with no apparent
pathologies at > 27 weeks of age suggests that the loss of shieldin
allows for the rescue of HR.

We observed that murine Shld2~/~ B-cells, in addition to CH12
cells deficient in 53BP1, SHLD2, and other NHEJ repair factors,
exhibited an increase in an Ig'° population during CSR induction.
Two initial possibilities struck us as potential explanatory mecha-
nisms: First, these cells may be temporarily decreasing Ig expres-
sion due to unrepaired DNA damage in the switch regions, a
process that might be regulated by ATM (Harding et al, 2015).
Alternatively, CSR induced an increase in non-productive recombi-
nation events (Dong et al, 2015) in SHLD2- and other NHEJ-
deficient B-cells. Indeed, we observed that most Ig" clones from
53BP1-deficient CH12 cells were the product of non-functional
CSR into the Igha locus, leading to the production of transcripts
that were missing IgA constant region exons. These recombination
events also occur in WT CH12 cells, but because the frequency of
Iglo cells is reduced in these cells, the frequency of such non-
productive CSR events is minimal in WT B-cells. Interestingly, the
aggregate frequency IgA™ and Ig'° populations together in WT,
SHLD2-deficient, and other NHEJ-deficient B-cells is strikingly
similar (Fig 3). This observation suggests that recombination at
the DNA level per se is not necessarily reduced in 53BP1- and
SHLD2-deficient cells, but a larger proportion of such recombina-
tion events are non-functional in repair-deficient cells due to
excessive resectioning and loss of coding sequence. Additionally,
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these non-functional recombination events may be biased toward
alternative end joining as a last-ditch repair attempt (Fig EVS5).

Inversional recombination has previously been observed to be
increased in 53bp1~/~ B-cells during CSR (Dong et al, 2015). Inver-
sional recombination during CSR is predicted to lead to loss of Ig
expression as constant region coding sequences downstream of
variable region VDJ exon would be inverted and incapable of being
translated. Curiously, however, we find that IglO clones from
53BP1-deficient CH12 cells are largely due to loss of IgA constant
region sequences during CSR and not due to inversional recombi-
nation (Fig 5). These data suggest that inversional recombination
may occur at frequencies lower than previously reported (Dong
et al, 2015). Nevertheless, we conclude that the shieldin complex
promotes CSR by inhibiting excessive DNA end resection, and the
presence of a significant Ig10 population during CSR may be a
useful proxy indicator for increased DNA resection in the Igh
locus.

Materials and Methods
Mouse generation and husbandry

Shld2~/~ mice were generated by injecting Cas9 ribonucleoprotein
complexes and single guide RNA(s) with spacer sequences of
GTCCACTAGTCATATCACTC, TCTTTGGAAGTTCCGAACGC, and
TCACGATGTCCTGTCGGCTC targeting ENSMUSE00000618046 into
C57Bl/6 embryos, resulting in a 251-bp del Chr14:34268371 to
34268621, as well as an insertion of GGA. These mice were
backcrossed for several generations to the C57Bl/6 background.
Shld2*/~ mice were bred with Shld2*/~ to generate Shld2™/~ and
WT littermates for experimental use (sex-matched; ~6-8 weeks
old). 53bp1*/~ mice were bred with 53bpI*/~ to generate 53bpl~/~
and WT littermates for experimental use (sex-matched; ~8 weeks
old). All mice were maintained under pathogen-free conditions. The
experimental procedures were approved by the Animal Care
Committee of University of Toronto. Histopathology examination
carried out by Dr. S. Camilleri at the Centre for Phenogenomics
(Toronto) included the following organs and tissues: calvarium,
brain, eyes, ears, tongue, Harderian gland, zymbal gland, salivary
glands, nasal sinuses, teeth, trachea, lungs, heart, thymus, parathy-
roid gland, spleen, liver, gall bladder, exocrine pancreas, endocrine
pancreas, esophagus, stomach, large intestine, small intestine,
urinary organs and tract, testis, epididymis, vas deference, seminal
vesicle, prostate, penis, adrenal gland, lymph nodes, spinal cord,
bone marrow, skeletal muscles, brown fat, and skin.

Spleen, bone marrow, thymus, and peritoneal cavity profiling

Single-cell suspensions of spleen, bone marrow, thymus, and peri-
toneal cavity were prepared from Shid2~/~ or WT littermate mice (6—
8 weeks old). The cells were resuspended in staining buffer
(PBS + 2% FBS) and incubated with mouse Fc blocker (2.4G2 mAbD).
As previously described (Li et al, 2018), splenocytes were stained
with rat anti-CD45R/B220 APC (RA3-6B2; Southern Biotech; 1/150
dilution), rat anti-IgM eFluor450 (II/41; eBioscience; 1/150 dilution),
rat anti-CD93 PE (AA4.1; eBioscience; 1/50 dilution), rat anti-CD23
PerCP-eFluor710 (B3B4; eBioscience; 1/100 dilution), and rat anti-
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CD21/CD35 PE-Cy7 (8D9; eBioscience; 1/100 dilution); germinal
center B-cells in the spleen were stained with anti-CD45R/B220 eFluor
450 (eBioscience; 1/100 dilution), GL-7 Alexa Fluor 488 (GL7; eBio-
science; 1/100 dilution), and FAS/CD95 APC (15A7; eBioscience; 1/
100 dilution); BM cells were stained with anti-CD45R/B220 APC, anti-
IgM eFluor450, rat anti-IgD PerCP-eFluor710 (11-26¢; eBioscience; 1/
100 dilution), rat anti-CD43 PE-Cy7 (S7; BD Pharmingen; 1/150 dilu-
tion), rat anti-CD24 FITC (30-F1; eBioscience; 1/100 dilution), and rat
ant- BP-1 PE (6C3; BioLegend; 1/33 dilution); peritoneal cells were
stained with anti-CD45R/B220 APC, anti-CD23 PerCP-eFluor710, and
rat anti-CD5 PE (53-7.3; eBioscience; 1/100 dilution); and thymocytes
were stained with anti-CD25 FITC, anti-CD44 Super Bright 600, anti-
CD4 Alexa Fluor 700, anti-CD8a PE, anti-TCRpB APC, and anti-TCRyd.
Stained cells were acquired on an LSR II (BD Biosciences) and
analyzed by FlowJo software.

Ex vivo CSR

Splenic B-cells were purified from Shid2~/~ mice (6-8 weeks old),
and age- and sex-matched littermate controls, using the EasySep
Mouse B-cell Isolation Kit (Stemcell Technologies) and stimulated
in vitro as described previously (Li et al, 2018). The stained cells
were acquired on a LSR II (BD Biosciences) and analyzed by FlowJo
software.

NP-specific ELISA and ELISPOT assay

Shld2~/~ or WT littermates (6-8 weeks old) and 53bpI~/~ mice
(10-12 weeks) were intraperitoneally immunized with 100 pg of
1 mg/ml NP,o-CGG in PBS (Biosearch) precipitated with an equal
volume of Imject Alum (Thermo) according to the manufacturer
instructions. At day 21 post-immunization, sera and spleens were
harvested and subjected to ELISA and ELISPOT as previously
described (Li et al, 2018).

In vitro RAG1/2 and Cas9 induced switching

2 x 10° puromycin-resistant A70.2 INV-4 cells transduced with
lentiCRISPRv2 (Addgene #52961) were stimulated as previously
described for 4 days (Bredemeyer et al, 2006). Aid~/~ CHI2 cells
were electroporated with sgRNA/Cas9 vectors targeting upstream of
Sp and Sa as previously described (Ling et al, 2018).

Cell culture and CRISPR/Cas9 editing

Gene targeting and CH12 cells were performed as described previ-
ously (Ramachandran et al, 2016). The CH12 parental clone I (re-
ferred to above as WT CH12) was used to delete the following genes
using CRISPR: Lig4, XIf, Ku70, Ku80, XRCC4, and Paxx using sgRNA
sequences listed in Table EV2. Verification of gene targeting was
accomplished by sequencing. The 53BP1-, SHLD1-, SHLD2-, and
SHLD3-deficient CH12 clones were previously generated (Noorder-
meer et al, 2018).

PCR and qPCR

RNA was isolated with TRIzol (Thermo Fisher) and cDNA was
synthesized with Maxima H Minus reverse transcriptase (Thermo
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Fisher) according to the manufacturer’s instructions. Genomic DNA
was isolated by proteinase K digest and phenol-chloroform extrac-
tion. Quantitative PCR was performed with qPCRBIO SyGreen Blue
Mix (PCR Biosystems) and CFX384 Real-Time PCR Detection System
(Bio-Rad) according to the manufacturers’ instructions. Reverse-
transcription PCR of IgM and IgA ¢cDNA performed with Ighv_F and
either IgM_R or IgA_R. Long-range PCR of the Ighm-Igha amplicon
was accomplished using Platinum SuperFi II polymerase (Invitro-
gen) using the manufacturer’s instructions and an 8 min polymerase
extension step, using either EpuF or IpF and CoR primers. The
primers used for all reactions are listed in Table EV1.

Statistics

All analyses were performed on GraphPad Prism. For Student’s t-
tests, and two-way analysis of variance (ANOVA), P values of 0.05
or less were considered significant: *P < 0.05, **P < 0.01,
***P < 0.001, and ****P < 0.0001. All error bars represent standard
deviations.

Expanded View for this article is available online.
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