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Background: SLIP-GC is a novel GTPase expressed in germinal center B cells that localizes to sites of DNA replication.
Results:B cells fromSLIP-GC-deficientmice displayed increasedG:C transitions at immunoglobulin and non-immunoglobulin
loci.
Conclusion: SLIP-GC may protect activated B cells from AID-mediated deamination of cytosines.
Significance: SLIP-GC is a novel molecule involved in the prevention or repair of G:C transitions in activated B cells.

We recently identified a novel germinal center GTPase, SLIP-
GC, that localizes to replication factories in B cells and that,
when reduced, induces DNA breaks in lymphoma B cell lines in
an activation-induced deaminase (AID)-dependent manner.
Herein, we generated mice deficient in SLIP-GC and examined
the impact of SLIP-GCdeficiency in immunoglobulin hypermu-
tation and class switch recombination, both AID-dependent
mechanisms. SLIP-GC-deficientmice experienced a substantial
increase in mutations at G:C base pairs at the region down-
stream of JH4 in the immunoglobulin heavy chain locus. This
change was reflected in the overall mutation frequency, and it
was associated with an increase in transitions from G:C base
pairs, a hallmark of AID-mediated deamination during replica-
tion. In addition, G:C transitions at non-immunoglobulin loci
also increased in thesemice. Given the intracellular localization
of SLIP-GC to sites of replicating DNA, these results suggest
that SLIP-GC protects replicating DNA from AID-mediated
deamination of cytosines in both strands.

Somatic immunoglobulin (Ig) hypermutation (SHM)2 is the
processwherein Ig variable (V) genes are deliberately hypermu-
tated to enhance the affinity of antibodies to a specific antigen
(1, 2). It occurs in the germinal centers (GC) of secondary
lymphoid tissues such as the spleen and the lymphnodes during
an immune response to foreign antigens (3). SHM is coupled to
positive selection of B cells that have acquired affinity-enhanc-
ingmutations to the foreign antigen, a process known as affinity
maturation. Affinity maturation of B cells during immune

responses leads to the formation of memory B cells that con-
tribute significantly to a swift, high-affinity memory B cell
response upon re-exposure to antigen (4).
SHM is triggered by the activation-induced deaminase

(AID), a cytosine deaminase. AID is expressed in activated B
lymphocytes, and it deaminates cytosines in the DNA encoding
the IgV regions, the gene segments encoding the antigen-inter-
acting portions of antibodies (5, 6). AID-mediated deamination
of cytosines in theDNAof IgV regions leads to the formation of
uracil opposite guanine bases (7–9), which can be removed by
uracil DNA glycosylase to generate an abasic site. Staggered
abasic sites in both strands can lead to the formation of DNA
breaks. These DNA lesions are the critical step that leads to
either SHM or class switch recombination (CSR) (7, 10, 11). In
SHM, error-prone DNA synthesis, triggered by the abasic site
or the G:Umismatch, leads to mutations throughout V regions
(12), whereas inCSR,AID-mediatedDNAdouble strand breaks
are required to trigger the reaction, likely through the activa-
tion of nonhomologous recombination repair of double-
stranded DNA breaks (7, 10).
Because of the potential to generate mutagenic DNA lesions,

several layers of negative regulation for AID have evolved (13).
AID is regulated at the expression level; only activated plasma
cells or GC B cells express it (14). Intracellular localization of
AID is also regulated through CRM1-mediated nuclear export
(15–17), andmicroRNAs that reduceAID transcript levels have
been described (18–20). However, the targeting mechanism of
AID to IgV and switch regions remains elusive. Although no
region in the genome of activated B cells mutates to the level of
IgV regions, the mechanism is leaky, and AID sometimes
deaminates cytosines in actively transcribed non-Ig genes (21).
When this involves tumor suppressor genes or oncogenes,
untargeted AID activity can lead to the development of B cell
lymphomas (22). In addition, AID levels play a role in the devel-
opment of autoimmunity (23–29). Clearly, although AID is
critical to memory B cell immune responses, it is also a danger-
ous molecule that is normally carefully regulated.
We have recently characterized a novel GC-expressed pro-

tein, SLIP-GC (speckled-like pattern in the germinal center),
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which appears to protect B cell lymphoma lines from AID-de-
pendent DNA breaks by blocking access of AID to replicating
DNA (30). These results lead to the hypothesis that SLIP-GC
contributes to the negative regulation of AID-mediated deami-
nation of cytosines in GC B cells. To test this, we generated
SLIP-GC-deficient mice and examined Ig hypermutation in
Peyer’s patches (PP) B cells of young and old mice. We also
examined hypermutation in non-Ig genes known to mutate by
AID at very low frequencies. The results show that SLIP-GC
deficiency causes an increase inG:C transitions at Ig and non-Ig
loci that is AID-dependent and strongly suggest a role for this
novel protein as a negative regulator of AID activity in GC B
cells.

EXPERIMENTAL PROCEDURES

Generation and Genotyping of Slip-GC�/� Knock-out Mice—
A vector was generated containing loxP sites flanking exons 2
and 4 of the Slip-GC gene. Exon 2 harbors the conserved
GTPase domain of SLIP-GC (30) (supplemental Fig. 1). Vector
was transfected into C57BL6 ES cells, and germline transmis-
sion was obtained. Initially, mice were crossed to Sox2 promot-
er-driven Cre-recombinase transgenics, which are in a mixed
genetic background. Cre-recombinase heterozygous, Slip-GC
homozygous floxed mice were backcrossed into Slip-GC
homozygous floxedmice in a pure C57BL/6J background for at
least six generations to generate Sox2-cre heterozygous,
Slip-GC floxed homozygous mice in the C57BL/6J background
(supplemental Fig. 1). To confirm wild type (WT), heterozy-
gote, or homozygote for the floxed gene or Slip-GC-deficient
(Slip-GC�/�cre�) genotypes, PCR was performed with three
primers: SlipGC 5flox forward, 5�-GAA ATG ACT GGG GTG
TTC TGAGGC-3�; GCSP, 5� Flox reverse (N16ck5R), 5�-GTG
CCC GCT TAC CAC AGA ACT TATG-3�, and GCSP 3� Flox
reverse (N16del3R2), 5�-GATACGTTTGGTGCCAGCATT
CAT C-3�. The WT allele results in a 0.55-kb PCR product,
where the Slip-GC mutated allele results in a 0.68-kb
PCR-product.
Mice used in these studies were 6–24 weeks of age. All the

mice were housed in the animal facility at the NIEHS, National
Institutes of Health, under specific-pathogen-free conditions,
and animal protocols were approved by the Institutional Ani-
mal Care and Use Committee.
RT-PCR Studies on the Expression of Slip-GC and AID—To-

tal RNA was extracted from cells using TRIzol reagent (Invit-
rogen) according to themanufacturer’s instructions. cDNA (20
�l) was synthesized with 1 �g of total RNA as template using
the SuperScript III first-strand synthesis supermix (Invitrogen)
according to the manufacturer’s instructions. Expression levels
of AID and Slip-GC were estimated using real-time PCR. The
RT-PCR primers were synthesized by Invitrogen: mAID for-
ward, 5�-GGA GAC CGA TAT GGA CAG CCT TCT G-3�;
mAID reverse, 5�-TCAAAATCCCAACATACGAAATGC-
3�; Slip-GCmice exon 2, forward 5�GAGTGTCGGACCAGG
AGG GTC T-3�; and Slip-GC mice exon 3 reverse, 5�-CAG
GGC CAT AGA GCA TCC GTA G-3�. PCR reactions were
performed in 50-�l volumes containing 2 �l of cDNA sample,
1�PCRbuffer, 10mM/liter deoxynucleotide triphosphatesmix
(dNTPs), 2 mM/liter each sense and antisense primers, and 5

units of Taq polymerase (Invitrogen). After an initial 3-min
incubation at 95 °C, 36 PCR cycles were carried out using the
following conditions: denaturation at 95 °C for 10 s, annealing
at 57 °C (Slip-GC) and 52 °C (AID) for 30 s, and extension at
72 °C for 45 s. To verify that equal amounts of cDNA were
added to each PCR reaction, we used the housekeeping gene
GAPDH (mGAPDH forward primer 5�-ACC ACA GTC CAT
GCC ATC AC-3� and mGAPDH reverse primer 5�-TCC ACC
ACC CTG TTG CTG TA-3�; annealing temperature 52 °C, 27
cycles). PCR products were separated on a 1.5% agarose gel and
analyzed.
Mouse Immunization—Mice were injected intraperitoneally

with 150 �l of 2,4,6-trinitrophenyl chicken gamma globulin
(TNP(24)-CGG) (Biosearch Technologies, Novato, CA) at
three different sites.
Germinal Center Staining—Mice were sacrificed, and

spleens were taken 5, 7, and 10 days after immunization with
TNP(24)-CGG (Biosearch Technologies) and fixed quickly in
optimum cutting temperature compound (O.C.T. Sakura
Finetechnical) using dry ice. Frozen, O.C.T.-embedded tissues
were cryosectioned and fixed with Rapid-Fixx fixative (Rich-
ard-Allen Scientific, Kalamazoo, MI) for 7 s, and endogenous
peroxide was blocked with 0.3% hydrogen peroxide. Protein
blocking was done with the avidin/biotin blocking kit (Vector
Laboratories, Burlingame, CA). Primary antibody, peanut
agglutinin (Vector Laboratories), diluted with 1 mMCaCl2, and
MgCl2, MnCl2, was incubated for 60 min at a 1:1000 dilution.
Slides were developed with diaminobenzidine, counterstained
with hematoxylin, dehydrated, cleared, and coverslipped.
Somatic Hypermutation in Peyer’s Patch B Cells—PP were

collected frommice at 8, 12, 16, and 24weeks of age, and single-
cell suspensions were made by squashing Peyer’s patches
between two frosted slides. After washing in buffer (PBS, 0.1%
sodium azide, 1/100 L-glutamine), cells were stained with con-
jugated antibodies: phycoerythrin-conjugated anti-B220 (0.2
�g per 106 cells), phycoerythrin-Cy7-conjugated anti-CD19
(0.2 �g per 106 cells), and fluorescein isothiocyanate-conju-
gated anti-GL7 (0.5 �g per 106 cells) (BD Biosciences). B220�

CD19� GL7� cells were sorted using a BD Biosciences
FACSVantage SE flow cytometer.
The IgH variable region DNA was amplified by PCR. Briefly,

for the IgH locus, a 1.2-kb fragment from the intronic region 3�
of the rearranged endogenous VH genes was amplified using a
primer VHJ558 forward (GCC TGA CAT CTG AGG ACT
CTG C) along with a primer IgH intronic enhancer reverse
(CCTCTCCAGTTTCGGCTGAATCC)with PhusionDNA
polymerase (NewEngland Biolabs, Ipswich,MA). The PCRwas
performed at 98 °C for 3 min; 35 cycles of 98 °C for 10 s, 70 °C
for 30 s, and 72 °C for 40 s; and 72 °C for 6 min. The PCR
products were electrophoresed through a 1% agarose gel
(SeaKem� LE agarose, Lonza Rockland, Rockland, ME). A
bright 1.2-kb band was excised and purified using a QIAquick�
gel extraction kit (Qiagen). The 1.2-kb DNA fragments were
cloned using a TOPO TA Cloning� pCR�2.1-TOPO� kit
(Invitrogen) following the manufacturer’s instructions. Shot�
Top10 chemically competentEscherichia coli (Invitrogen)were
transformed with the TOPO vector, spread on Luria-Bertani
broth (LB) agar (ampicillin 100 �g/ml) plates, which had been
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spread with 2% X-gal and 0.1 M isopropyl-1-thio-�-D-galacto-
pyranoside, and incubated at 37 °C for 16 h. Plasmid DNA was
prepared from positive white clones, and the inserted VH
1.2-kb PCR fragments were sequencedwith a primer specific to
the region immediately downstream of JH4 (TAT GCT ATG
GAC TAC TGG) or M13 forward (�20) primer (GTA AAA
CGA CGG CCA G) and M13 reverse primer (CAG GAA ACA
GCT ATG AC).
Non-IgGeneMutational Analysis—SevenB6 control and five

Slip-GC-deficientmice, which were 4months of age, were used
for this analysis. Positive germinal center Peyer’s patch B cells
were isolated by FACS after staining with conjugated antibod-
ies: phycoerythrin-conjugated anti-B220, phycoerythrin-Cy7-
conjugated anti-CD19, and fluorescein isothiocyanate-conju-
gated anti-GL7.GenomicDNAwas isolated as described above.
The following primers were used to amplify specific genes from
the mouse genome by PCR followed by analyzing by sequenc-
ing: CD79B0010 forward (GAG CCT GGT GTG AGT ATG
TCT CC; binding at Chr11: 106,174,649 bp), CD79B0020 for-
ward (AGA AAC ACT GGC TGT CCC TAG AA; binding at
Chr11: 106,175,058 bp), CD79B0021 reverse (ACA TTC CCA
GAG CTA CTT CCT CC; binding at Chr11: 106,176,049 bp),
CD79B0030 forward (CTC TCA TTT CCA CAG AAG CAA
CA; binding at Chr11: 106,175,873 bp), CD79B0031 reverse
(AAA GGT CGA ATC CTT AGC CTG TC; binding at Chr11:
106,176,546 bp), CD83M0010 forward (TCC CTT GCT CAA
ACA ACG TAA AC; binding at Chr13: 43,880,113 bp);
CD83M0011 reverse (AGG CTG CAG GCT ACA AGA GAG
AG; binding at Chr13: 43,880,725 bp), CD83M0020 forward
(CTC CAG CTC CTG TTT CTA GGC T; binding at Chr13:
43,880,596 bp), CD83M0020 forward (CTC CAG CTC CTG
TTT CTA GGC T; binding at Chr13: 43,880,596 bp),
CD83M0021 reverse (CAC CTG AGA CCC TCT TTG AGA
TG; binding at Chr13: 43,881,221 bp), CD83M0030 forward
(AAG GGA TTG GAT CCA TGT TAC AG, binding at Chr13:
43,881,059 bp), CD83M0031 reverse (AGA GCA TAC AGA
GGC TTC CTC CT; binding at Chr13: 43,881,679 bp),
CD83M0040 forward (AAG GTT TCC TTT CAG TGA GAG
CC; binding at Chr13: 43,881,449 bp), andCD83M0041 reverse
(CAT GGT ATC ACC TCC TTC CTG AC; binding at Chr13:
43,882,052 bp). PCR conditions forCd79bwere 98 °C for 3min;
36 cycles of 98 °C for 10 s, 64 °C for 10 s and 72 °C for 40 s; and
72 °C for 6 min. PCR conditions for Cd83 were: hot start, using
2% dimethyl sulfoxide (DMSO) and 98 °C for 3min; 30 cycles of
98 °C for 10 s, 64 °C for 5 s and 72 °C for 40 s; and 72 °C for 6
min. PCR products (Cd79b 1897 bp and Cd83 1939 bp) were
purified using a QIAquick� gel extraction kit according to the
manual. After adding A overhangs to their blunt ends, PCR
products were cloned into pCR�2.1-TOPO vector, trans-
formed into One Shot� Top10 chemically competent E. coli,
and incubated at 37 °C for 16 h on LB ampicillin plates, which
had been spread with 2% X-gal and 0.1 M isopropyl-1-thio-�-D-
galactopyranoside. For each gene, 96 or more clones were ana-
lyzed. The total sequence analyzed for both genes was 800–
1150 bp in both directions beginning at or near the
transcriptional start site. Cycle sequencing reactions were per-
formed at 1/64 BigDye reaction scale (BigDye Terminator ver-
sion v1.1, Applied Biosystems, Foster City CA). PCR reactions

were performed on the MJ Tetrad 225 (Bio-Rad). Liquid han-
dling for the cycle sequencing protocol was automated on the
BioMek FX robot (Beckman Coulter) using a magnetic bead
based purification system (Agencourt Bioscience). Bead-
cleaned cycle sequencing reactions were run on 48 capillary
ABI 3730 sequencers (Applied Biosystems). Sequence data files
were uploaded on aLinux server into the Phred/Phrap/Consed/
PolyPhred suite of tools (Nickerson et al. (33)) for quality anal-
ysis and polymorphism detection. Trace file analyses were con-
ducted by Phred/Phrap (31, 32) and single-nucleotide
polymorphism (SNP) detection by PolyPhred (33), respectively.
The interface to view trace file and SNP detection analysis
results was Consed (34).
Class Switch Recombination Assay—Resting/naive splenic B

cellswere isolated by usingCD43 (Ly-48)MicroBeads following
the manufacturer’s instructions (Miltenyi Biotech GmbH, Ber-
gisch Gladbach, Germany). Ammonium chloride-potassium
lysing buffer (0.15 mM NH4Cl, 10.0 mM KHCO3, 0.1 mM

Na2EDTA, pH 7.4) was used to eliminate red blood cells. Cd43-
isolated B cells were incubated at 1� 106 cells/ml in complete B
cell culturemedium (Dulbecco’smodified Eagle’smedium sup-
plemented with 10% heat-inactivated fetal bovine serum, 1%
nonessential amino acids, 2 mM l-glutamine, 50 �M 2-mercap-
toethanol, 100 units/ml penicillin, 100�g/ml streptomycin sul-
fate, 10mMHEPES, pH 7.4, all from Invitrogen) and stimulated
in vitro with or without LPS (LPS; 50 �g/ml), LPS � IL-4 (LPS;
50 �g/ml and IL-4; 20 ng/ml), or LPS � IFN-� (LPS; 50 �g/ml
and mIFN-�; 20 ng/ml) for 96 h. LPS was from Sigma, and
cytokines were from R&D Systems (Minneapolis, MN). To
detectmouse IgM, total IgG, IgG3, IgG1, IgG2b, IgG2c, and IgA
supernatant was collected, diluted (IgG3 (1:4), IgG1 (1:2),
IgG2c (no dilution)), and analyzed by using enzyme-linked
immunosorbent assay (ELISA) kits from Bethyl Laboratories
(Montgomery, TX) following the manufacturer’s instructions.
B Cell Development—Bone marrow cells from two mice of

age 6 and 8 weeks were prepared by flushing femurs or, in some
experiments, both femurs and tibias with FACS buffer (Hanks’
balanced salt solution (Invitrogen) supplemented with 3% FCS
(Sigma) and 10 mM HEPES (Invitrogen)) using a syringe and a
23-gauge needle. The cells were centrifuged at 1200 rpm (319�
g) for 3 min at 4 °C. The supernatant was removed, and the cell
pellet was gently resuspended in FACS buffer and centrifuged
as described above. Finally, after resuspending the pellet in
FACS buffer, the cells were filtered through 30-�mnylonmesh
or, if subsequently being used in tissue culture, 40-�m sterile
nylon filters (BD Falcon). Viable, nucleated cells were counted
using a 0.4% aqueous trypan blue solution (Sigma) exclusion
and adjusted to the appropriate concentration.
Spleen cell suspensions were prepared by gently squeezing

pieces of spleen between two microscope slides with frosted
ends in the presence of FACS buffer. Cells were filtered through
a 40-�m sterile nylon filter, washed twice in FACS buffer (cen-
trifugation as described above), and finally resuspended in
FACS buffer.
0.5� 106 cells of either cell solution were stained in alternate

wells of a round-bottomed 96-well plate (Nunc) with the fol-
lowing antibodies: fluorescein isothiocyanate (FITC)-labeled
rat anti-mouse-B220/CD45R (clone RA3-6B2); phycoerythrin-
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labeled rat anti-mouse-B220/CD45R (clone RA3-6B2), IgM
(cloneR6-60.2), CD25/IL-2R�-chain (clone Pc61), CD117/c-
Kit (clone ack45) and CD19 (1D3); allophycocyanin-labeled rat
anti-mouse B220/CD45R (cloneRA3-6B2); and biotinylated rat
anti-mouse Ig �1, �2, and �3 light chain (clone R26-46)
(Pharmingen). Allophycocyanin-labeled anti-mouse Ly-77
(clone GL7) was from eBioscience. Biotinylated antibodies
were revealed using streptavidin-phycoerythrin (Southern
Biotechnology Associates), streptavidin-allophycocyanin
(Pharmingen), or streptavidin TRI-COLOR (Caltag Laborato-
ries). After centrifugation (1200 rpm for 2min at 4 °C), the cells
were resuspended and incubated (25 �l final volume) with the
appropriate combinations of the above antibodies at optimal
dilutions in FACS buffer on ice for 30min in the dark. The cells
werewashed and, when necessary, biotinylated antibodies were
revealed by incubation for a further 15 min on ice with strepta-
vidin conjugated with appropriate fluorochrome. The cells
were resuspended in FACS buffer and analyzed with a
FACSCaliburTM with Consort 30 software (Becton Dickinson)
equipped with the appropriate filters for four-color immuno-
fluorescence. Dead cells were visualized by adding propidium
iodide (0.25 �g/ml final concentration (Sigma) prior to acqui-
sition. Typically, 10,000 live, nucleated events were collected.
Data were analyzed using FlowJo software (Ashland, OR).
Statistics—Fisher’s exact test was used to compare mutation

frequencies. One-sided p values were used when the direction
of the difference could be predicted a priori; otherwise, two-
sided p valueswere used. All probability valueswere considered
significant if less than 0.05.

RESULTS

To examine the role of the novel GTPase, SLIP-GC, in SHM
and in CSR, we generatedmice with loxP regions flanking three
exons within the gene encoding this protein (Fig. 1A; supple-
mental Fig. 1). One of these, exon 2, harbors the highly con-

served GTPase domain (30). These mice were then crossed to
Sox2-driven Cre-recombinase transgenics to generate mice
deficient in SLIP-GC. These mice completely lacked mRNA
transcripts for SLIP-GC, confirming the deletion of the appro-
priate region (Fig. 1B). The accumulation of mutations in the
intronic region downstream of rearranged Ig heavy chain V
genes in B cells from PPs was examined by sequencing the JH4
downstream region (described inGenBankTM accession record
number NG_005838.1 at 180,260–180,834) (35, 36). This
region is subjected to SHMby the samemachinery thatmutates
the IgV region with a frequency of 0.01–0.015 mutations per
base pair (35, 36). Because the region analyzed is noncoding,
mutations here are a more accurate representation of the
intrinsic SHMmachinery in the absence of selection. CSR was
examined following activation of B cells in vitro with LPS and
various cytokines. Finally, we examined mutations in the
non-Ig genes, Cd79b and Cd83, previously shown to accumu-
late a very lowmutation frequency (�10�5) that is AID-depen-
dent in activated B cells (21).
As in Lymphoma Cell Lines, Transfected SLIP-GC Forms

Nuclear Speckles in SLIP-GC-deficient Primary B Lymphocytes—
Previously, we observed that transfected SLIP-GC localizes to
replication factories and DAPI-stained DNA in fibroblast and
lymphoma cell lines such as Ramos and Raji (30) (supplemental
Fig. 2A). To determine whether primary B lymphocytes display
the samepattern,we transfected SLIP-GC-deficient B cellswith
aGFP-SLIP-GCexpression vector and examined localization of
the protein by confocal microscopy. Similarly to the cell lines,
SLIP-GC formed nuclear speckles that localized to DAPI-
stained regions (supplemental Fig. 2B). Despite its localization
to DNA and specifically to replication factories, SLIP-GC defi-
ciency did not alter proliferation of Peyer’s patches or splenic B
cells following activation with LPS (supplemental Fig. 2, C and
D). Apoptosis also appeared unaffected with SLIP-GC deletion
in either PP (85% versus 76% viable cells in culture) or splenic B
cells following activation with LPS (supplemental Fig. 2E). Pre-
viously, we have shown that ectopic expression of SLIP-GC in
primary fibroblasts altered neither cell cycle nor proliferation,
yet SLIP-GC co-localizes with newly synthesized DNA as
revealed by BrdU staining (30).
B Cell Development, Germinal Center Formation, and CSR

Are Normal in SLIP-GC-deficient Mice—Impaired SLIP-GC
activity did not impact B cell development in the bone marrow
or the spleenwhen comparedwithC57BL/6J controls. All B cell
subsets in the bone marrow and the spleen were present in
numbers similar to controls (Fig. 2,A and B). In addition, T cell
development was not affected in these mice (supplemental Fig.
3A). Following immunization, SLIP-GC-deficient mice formed
normal GCs that appeared abundant (Fig. 2C). In addition,
these mice displayed normal or slightly elevated numbers of
GL7� GC B cells (Fig. 2D) in PP GCs. Finally, activated B cells
with LPS alone or with IL4 or interferon � underwent CSR
normally as determined by normal levels of IgG1, IgG2c, and
IgG3 (Fig. 3, supplemental Fig. 3B). These results are not con-
sistent with SLIP-GC having a crucial role in CSR, and they are
consistent with the previous result, suggesting the absence of a
proliferation defect with SLIP-GC deficiency because CSR is
linked to numbers of cell divisions (37).

FIGURE 1. Absence of Slip-GC expression in Cre-recombinase-expressing
mice with a conditional deletion of the Slip-GC gene. A, PCR-genotyping of
mouse tail DNA reveals Cre-mediated deletion of SLIP-GC. B, RT-PCR for
SLIP-GC detects no SLIP-GC mRNA in cre� mice homozygous for the floxed
(�/�) gene.

SLIP-GC in Immunoglobulin Hypermutation

SEPTEMBER 14, 2012 • VOLUME 287 • NUMBER 38 JOURNAL OF BIOLOGICAL CHEMISTRY 31859

http://www.jbc.org/cgi/content/full/M112.340661/DC1
http://www.jbc.org/cgi/content/full/M112.340661/DC1
http://www.jbc.org/cgi/content/full/M112.340661/DC1
http://www.jbc.org/cgi/content/full/M112.340661/DC1
http://www.jbc.org/cgi/content/full/M112.340661/DC1
http://www.jbc.org/cgi/content/full/M112.340661/DC1
http://www.jbc.org/cgi/content/full/M112.340661/DC1
http://www.jbc.org/cgi/content/full/M112.340661/DC1
http://www.jbc.org/cgi/content/full/M112.340661/DC1
http://www.jbc.org/cgi/content/full/M112.340661/DC1
http://www.jbc.org/cgi/content/full/M112.340661/DC1


Altered Pattern and Frequency of Ig Hypermutation in PP B
Cells from SLIP-GC-deficient Mice—GC B cells from PPs were
isolated from SLIP-GC-deficient and WT mice ranging in age
from2 through 6months, andmutation in the JH4 downstream
region was examined. There was an increase in the number of
mutations per base pair in 3-, 4-, and 6-month-old SLIP-GC-
deficient mice, suggesting that these mice accumulated muta-
tions at a higher rate than did C57BL/6J controls in chronically
stimulated PP B cells (Fig. 4A). The distribution of mutations
was similar between both groups, but B cells from SLIP-GC
mice had a higher percentage of clones with a high number of
mutations (i.e.more than 10 mutations within a 426-bp region;
Fig. 4B). The increasedmutation ismostly atG:C base pairs as B
cells from SLIP-GC-deficient mice from each of the age groups
had a higher frequency of mutations at G:C base pairs (Fig. 4C).
This increase in G:C mutation is the result of a highly signifi-
cant increase in G to A and C to T transitions, the hallmark of
AID-mediated deamination of cytosines in the absence of uracil
DNA glycosylase activity (Fig. 4D, supplemental Fig. 4A). This
was supported by the finding that close to 50% of theG:Cmuta-
tions in SLIP-GC-deficient mice fell within the known AID
hotspot DGYW/WRCH (38, 39) when compared with about

30% of G:C mutations in C57BL/6J mice (Fig. 5). Interestingly,
the overall frequency of clones with no mutations was 12% in
the controls but only 5% in SLIP-GC-deficient mice, a differ-
ence that was not statistically significant but thatmay indicate a
trend. In summary, SLIP-GC-deficient mice experienced an
increase inmutation frequency at JH4 downstream regions that
was mostly due to a specific increase in G:C transitions at AID
hotspots.
SLIP-GCDeficiency Correlated with an Increase inG:CTran-

sitions in the Cd79b and Cd83 Genes of PP B Cells—Given our
previous findings suggesting that SLIP-GC protects replicating
DNA from AID-mediated deamination of cytosines, we exam-
ined mutation at non-Ig loci known to be targeted by AID in
activated B cells but at a much lower rate than Ig loci: Cd79b
andCd83 (21). The results were similar to those seen in the JH4
downstream region of the Ig locus. Therewas amodest increase
in the mutation frequency at both genes, and over 90% of G:C
mutations in Cd83 and in Cd79b were G to A and C to T tran-
sitions when compared with less than 30% of G:C mutation in
control mice (Fig. 6). In addition, 30% of G:C mutations in
Cd79b and 20% in Cd83 fell in AID hotspots when compared
with 0 and 8%, respectively, in control mice. Thus, as seen for

FIGURE 2. Normal B cell development and GC formation in SLIP-GC-deficient mice. A, bone marrow cells from 2-month-old C57BL/6J (n � 2) and
Slip-GC-deficient mice (n � 2) were stained with B cell anti-CD45R (B220). Gates were set on c-Kit, CD25, or IgM. The proportion of developmental B cell subsets
was unaltered with SLIP-GC deficiency. B, normal levels of mature B cells in the bone marrow and spleen of 2-month-old C57BL/6J and Slip-GC-deficient mice.
Total numbers of lymphocytes in bone marrow and spleen in Slip-GC-deficient mice when compared with C57BL/6J levels are not significantly different. C,
peanut agglutinin staining of spleen GC formation after TNP(24)-CGG injection into 2-month-old C57BL/6J and Slip-GC-deficient mice. Slip-GC-deficient mice
resulted in normal germinal center formation in SLIP-GC-deficient mice. D, the percentage of activated B220�/CD19�/GL-7� lymphocytes (representing
germinal center B cell population) within total Peyer’s patches lymphocyte populations in C57BL/6J and Slip-GC-deficient mice is similar in young mice but
elevated in older SLIP-GC-deficient mice. Standard deviations are depicted.
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JH4 downstream regions, SLIP-GC deficiency caused an
increase in G:C transitions that were more likely to fall in AID
hotspots. Combined, these results are most compatible with a
model wherein SLIP-GC blocks AID-mediated deamination of
cytosines in activated B cells.

DISCUSSION

SLIP-GC deficiency significantly altered the pattern of
mutations at the IgH J-C intronic region downstream of JH4.
This is evident from an overall increase in mutation fre-
quency that is the result of increased G:C mutations, partic-
ularly at known AID hotspots. In addition, the mutations at
G:C base pairs tended to favor transitions in SLIP-GC-defi-
cient mice, suggesting that the increase in mutation fre-
quency occurred as a result of replication over AID-gener-
ated uracils, although the more substantial increase in
overall G:C mutation also implicated increased transver-
sions from abasic sites during SHM. These results can be
explained by several models including one wherein SLIP-GC
acts as a negative regulator of AID activity in SHM but not
CSR. A specific effect on SHM, but not CSR, may reflect the
fact that CSR and SHM may occur at different stages of the
cell cycle. Another possible model suggests SLIP-GC plays a
role in the processing or repair of AID-generated uracils,
presumably during DNA replication.
We have previously shown that SLIP-GC localizes to repli-

cating DNA in lymphoma cell lines and in fibroblasts trans-
fected with GFP-SLIP-GC (30). Herein, we show that SLIP-GC
also forms nuclear speckles that localize to DAPI-stained DNA
regions in primary B lymphocytes. Nevertheless, SLIP-GC defi-
ciency did not alter proliferation, and thesemice had normal to
large germinal centers and, if anything, had increased numbers

of germinal center B cells. Despite its co-localization with
BrdU-stained DNA (i.e. newly synthesized DNA), ectopic
expression of SLIP-GC in fibroblast cell lines did not alter cell
cycle dynamics (30). However, ShRNA against SLIP-GC
resulted in an increased incidence of AID-mediated DNA
breaks in lymphoma cell lines, an apoptosis of those cells (30).
These results suggest that SLIP-GC does not play a role in nor-
mal replication butmay impedeAID from targeting and deami-
nating cytosines in replicating DNA in activated B cells or may
alter the repair of the AID-generated uracils during SHM.
Whichever themechanism, it does not appear to occur through
the transcriptional regulation of either AID or uracil DNA gly-
cosylase (UNG) (supplemental Fig. 4, B and C). ChIP experi-
ments using AID antibodies will be of particular importance at
determining whether there is increased AID binding to repli-
cating DNA at non-Ig loci in the absence of SLIP-GC. This
would help distinguish between a role for SLIP-GC in protect-
ing replicatingDNA fromAID in activated B cells from a role in
the repair of AID-generated uracils.
Paradoxically, although SLIP-GC deficiency in cell lines

results in increased DNA breaks that lead to cell death,
SLIP-GC deficiency in mice did not result in smaller or
impaired germinal centers. We are currently examining the
possibilities that additional factors are present in primary B
cells but not in lymphoma cell lines thatminimize the apoptotic
signals elicited by AID-mediated DNA break or that there is
better repair of the DNA breaks in the primary cells. One pos-
sibility is that p53 activation by double-stranded DNA breaks is
temporally suspended in germinal center B cells while the cells
are undergoing SHM and CSR, both processes that can lead to
DNA breaks.

FIGURE 3. Slip-GC is not necessary for class switch recombination. Splenic B cells from two mice per strain at age 8 weeks were isolated and stimulated in
vitro with LPS, IL4, and IFN-� for 4 days. A–C, IgG1 (A), IgG2c (B), and IgG3 (C) production in splenic naive B cells in SLIP-GC-deficient mice was similar to C57BL/6J
mice. Standard deviations are depicted.
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It was possible that SLIP-GC deficiency in activated B cells
may lead to an increase in G:C transitions not only at Ig loci but
also at non-Ig loci. To test this, we examinedmutation atCd79b
and Cd83 in PP B cells from 4-month-old mice. Cd79b, and
particularly Cd83, have been shown previously to undergo
higher than background rates of mutation in activated B cells,
and the mutations appear to be partially AID-dependent (21).
In Cd79b, there were twice as many mutations in SLIP-GC-
deficientmice as in controls, whereas inCd83, where themuta-
tion frequency in both strains was about 10-fold higher than for

Cd79b, therewas only a small increase inmutation frequency in
the SLIP-GC-deficient mice. The pattern was markedly differ-
ent between the strains; close to 100% of mutations from G:C
base pairs were transitions in SLIP-GC-deficient mice when
compared with less than 40% of G:Cmutations in control mice.
In addition, G:C mutations in SLIP-GC-deficient mice were
more likely to fall within AID hotspots than G:C mutations in
control mice. These results are consistent with a role for
SLIP-GC as a negative regulator of AID activity during DNA
replication or a role in the repair of AID-generated uracils.

FIGURE 4. Slip-GC deficiency alters the somatic hypermutation spectrum within the IgH chain intronic region downstream of JH4 of PP B cells. Somatic
hypermutation data were collected and analyzed from: young C57BL/6J mice (n � 12 mice; 2–3 months of age) yielding a total of 67 unique clones; older
C57BL/6J mice (n � 16 mice; 4 – 6 months of age), yielding a total of 51 unique clones; young Slip-GC-deficient mice (n � 8 mice; 2–3 months of age), yielding
a total of 47 unique clones; older Slip-GC-deficient mice (n � 8 mice; 5– 6 months of age), yielding a total of 51 unique clones (clones not sharing mutations from
the same animal). A, increased mutation frequency in Slip-GC-deficient mice when compared with C57BL/6J and at 3, 4, and 6 months of age (p value at 2
months � 0.42, at 3 months � 0.027, at 4 months � 0.0019, and at 6 months � 0.0007; Fisher’s exact test). Significant differences between Slip-GC-deficient
mice and controls are marked with an asterisk. B, mutation distribution among mutated clones in C57BL/6J and Slip-GC-deficient mice reveals an increase in the
fraction of highly mutated clones from SLIP-GC-deficient mice. Significant differences (p � 0.05, Fisher’s exact test) are marked with an asterisk. C, a trend for
increased mutations at G:C base pairs in Slip-GC-deficient mice. D, G:C transitions (G to A, C to T) for all ages were increased with SLIP-GC deficiency and are the
likely cause of the increase in mutation frequency. Significant differences (p � 0.05, Fisher’s exact test) between C57BL/6J and Slip-GC-deficient mice are
marked with an asterisk.
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FIGURE 6. Increased G:C transitions at the non-Ig loci Cd79b and Cd83 in SLIP-GC-deficient mice. Mutations from sorted B220�, CD19�, and GL-7� B cells
from PPs were analyzed in 12 2– 4-month-old C57BL/6J mice and in seven 2– 4-month-old SLIP-GC-deficient mice. Almost all G:C mutations from SLIP-GC-
deficient mice were transitions in Cd79b and Cd83. p values are by Fisher’s exact test.

FIGURE 5. G:C mutations in B cells from Slip-GC-deficient mice were more likely to fall within AID hotspots than G:C mutations from control mice. A, JH4
downstream region (accession NG_005838.1 in the 180,260 –180,834 segment). displaying AID hotspots (marked in yellow and numbered 1–26). B, G:C muta-
tion distribution among AID hotspots are shown for C57BL/6 mice in gray and for Slip-GC-deficient mice in black (tick marks � 10 bp). Numbers on the x axis
represent AID hotspot locations as depicted in A. These data are taken from 118 unique clones representing 55,419 bp from 28 C57BL/6J mice and 99 unique
clones representing 47,798 bp from 16 Slip-GC-deficient mice.
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Given the role of AID in all aspects of immunoglobulin diversi-
fication in peripheral B cells, SLIP-GC may be an important
contributor to genome stability in B cells.
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