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I M M U N O L O G Y

AFF3, a susceptibility factor for autoimmune diseases,  
is a molecular facilitator of immunoglobulin class  
switch recombination
Shin-ichi Tsukumo1,2, Poorani Ganesh Subramani3,4, Noé Seija3,5, Mizuho Tabata6, 
Yoichi Maekawa6, Yuya Mori7, Chieko Ishifune1, Yasushi Itoh7, Mineto Ota8,9, Keishi Fujio8,  
Javier M. Di Noia3,4,5, Koji Yasutomo1,2,10*

Immunoglobulin class switch recombination (CSR) plays critical roles in controlling infections and inflammatory 
tissue injuries. Here, we show that AFF3, a candidate gene for both rheumatoid arthritis and type 1 diabetes, is a 
molecular facilitator of CSR with an isotype preference. Aff3-deficient mice exhibit low serum levels of immuno-
globulins, predominantly immunoglobulin G2c (IgG2c) followed by IgG1 and IgG3 but not IgM. Furthermore, 
Aff3-deficient mice show weak resistance to Plasmodium yoelii infection, confirming that Aff3 modulates immunity to 
this pathogen. Mechanistically, the AFF3 protein binds to the IgM and IgG1 switch regions via a C-terminal domain, 
and Aff3 deficiency reduces the binding of AID to the switch regions less efficiently. One AFF3 risk allele for rheu-
matoid arthritis is associated with high mRNA expression of AFF3, IGHG2, and IGHA2 in human B cells. These find-
ings demonstrate that AFF3 directly regulates CSR by facilitating the recruitment of AID to the switch regions.

INTRODUCTION
Genome-wide association studies (GWASs) are approaches used 
in genetic research to link single-nucleotide polymorphisms (SNPs) 
with susceptibility to diseases or quantitative traits (1, 2). GWASs 
have identified disease-associated loci and their neighboring genes 
across the human genome. GWASs of autoimmune and inflamma-
tory diseases have identified various candidates, but the roles of these 
candidates in the onset and progression of immune-mediated dis-
eases are largely unknown, except for those of genes that have been 
associated with immune responses.

More than 10 GWAS have identified the AFF3 gene as being asso-
ciated with autoimmune diseases (3–11). Although the mRNA ex-
pression of AFF3 is known to be restricted to the lymphocytes and 
brains of mice and humans (12, 13), the functions of AFF3 in the 
immune system have not been studied. The vertebrate AF4/FMR2 
(AFF) gene family (also known as the ALF family) consists of four 
genes (Aff1 to Aff4) (14). AFF1 and AFF4 are components of the 
super elongation complex (SEC), which consists of positive transcrip-
tion elongation factor b [P-TEFb; a complex of cyclin-dependent 
kinase 9 (CDK9) and CYCLIN T], ELL (eleven-nineteen lysine-rich 
leukemia), AF9 (ALL-1 fused gene from chromosome 9), and ENL 
(eleven-nineteen leukemia) in addition to AFF1 and AFF4 (14, 15). The 
SEC regulates the elongation of transcription by RNA polymerase II 

(RNAPII) and is critical for general or environmental cue-induced 
mRNA expression (16, 17). AFF3 is reported to form a complex with 
P-TEFb, AF9, and ENL but not with ELL (14) and regulates the ex-
pression of a set of genes different from that regulated by AFF4 (14). 
AFF3 also reportedly binds to the DNA-methylated regions of ge-
netically imprinted genes and regulates their transcription (18, 19).

Immunoglobulin-mediated humoral immunity is critical for host 
defense against pathogens and toxins, and the dysregulation of this 
process leads to immunodeficiency and autoimmune diseases (20, 21). 
Immunoglobulins can be divided into several isotypes based on dif-
ferences in their C-terminal heavy chain regions. Immunoglobulin 
class switch recombination (CSR) is conducted via the exchange of 
exons positioned 3′ adjacent to the exon encoding the antigen rec-
ognition domain (22–24). Activation-induced cytidine deaminase 
(AID) is the enzyme that initiates CSR (24), which functions by 
mutagenizing the G-rich genomic regions (called switch regions) 
that precede the exons encoding the Fc domain and inducing DNA 
repair, leading to chromosomal recombination between two tran-
scriptionally active switch regions to complete CSR. In addition, 
AID is required for somatic hypermutations (SHMs) in the exons 
encoding the antigen recognition domains of immunoglobulin genes 
to increase antibody affinity. The regulation of AID expression, local-
ization of AID to targets, and enzymatic activity of AID are central 
to the proper execution of CSR and SHM, but the precise underly-
ing mechanisms are under investigation (6, 23–26).

In this study, we searched for autoimmune-associated genes iden-
tified by GWAS that met the following three criteria: (i) identified as 
candidate genes for at least two autoimmune diseases, (ii) exhibited 
relatively restricted expression in immune cells, and (iii) exerted 
unknown functions in the immune system. Through this screening 
strategy, we selected the AFF3 gene among nine genes meeting the 
criteria because its expression is enriched in lymphocytes, and we ana-
lyzed the function of AFF3 in the immune system. We found reduced 
serum levels of immunoglobulin G2c (IgG2c), IgG1, and IgG3 and 
impaired antibody-mediated clearance of Plasmodium yoelii parasites 
in Aff3-deficient mice. Mechanistically, AFF3 was shown to regulate 
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CSR by controlling the mutagenesis of the switch regions through the 
recruitment of AID. Our data demonstrate a previously unrecognized 
role of AFF3 in regulating CSR and suggest a mechanistic explanation 
for the GWAS-based association of AFF3 with autoimmune diseases.

RESULTS
Selection of genes associated with immune-mediated 
diseases using a GWAS database
We aimed to identify genes associated with autoimmune diseases 
using a previously reported GWAS database (GWAS Catalog; www.
ebi.ac.uk/gwas/home). We focused on genes whose expression is largely 
restricted to lymphocytes and whose functions in the immune sys-
tem are unknown. We chose rheumatoid arthritis, type 1 diabetes 
(T1D), and multiple sclerosis among immune-mediated diseases 
because the candidate genes for these diseases show a high correla-
tion (27, 28). We first selected candidate genes from the GWAS data 
of each disease and focused on the genes that were associated with 
at least two diseases (fig. S1). Then, we chose the genes with higher 
mRNA expression in T and B cells than in other hematopoietic cell 
types. To evaluate mRNA expression, we used three databases: the 
Human Protein Atlas, the Immunological Genome Project, and the 
RCAI RefDIC. We excluded noncoding RNAs and pseudo-genes 
and genes that had previously been associated with immune re-
sponses. Last, we selected AFF3 as the candidate gene for further 
analysis (fig. S1). The GWAS data suggest that AFF3 is associated 
with both rheumatoid arthritis and T1D (3–11) and that its expres-
sion is restricted to the lymphocytes and brain in mice and humans 
(12, 13). While the function of AFF3 is thought to be related to 
transcriptional elongation based on the structural and biochemical 
similarity of AFF3 to AFF1/4 (14), the role of AFF3 in the immune 
system has not been investigated.

Aff3-deficient mice show reduced serum immunoglobulin levels
To elucidate the function of Aff3, we generated and analyzed mice 
in which the gene was disrupted. Using a CRISPR-Cas9 system, we 
generated mouse strains that were Aff3 deficient and Aff3 floxed 
(fig. S2). The Aff3-deficient mice were healthy and fertile, with no 
visible abnormalities up to at least 5 months of age. We examined 
the cell numbers and frequencies of the T subpopulations in the 
thymus (fig. S3A) and the cell numbers (fig. S3B) and frequencies of 
TCR+ ( T cell receptor–positive; fig. S3C) and CD25+ cells (fig. S3F) 
and the CD4/CD8 (fig. S3D) and CD62L/CD44 ratios (fig. S3E) in 
the spleen, and no differences were observed between the Aff3-deficient 
and control mice. As CDK9, CYCLIN T1, and AFF4 are reported 
to be involved in T helper cell 1 (TH1) and cytotoxic T lymphocyte 
differentiation (29, 30), we assessed CD44 expression and interferon- 
(IFN-) secretion in CD4+ and CD8+ T cells from Aff3-deficient 
mice upon stimulation with anti-CD3 and anti-CD28 antibodies. 
The expression levels of IFN- in CD4+ (fig. S4A) and CD8+ T cells 
(fig. S4B) from Aff3-deficient mice were equivalent to those in cells 
from control mice. No abnormalities in the total number of spleno-
cytes or the frequency of the B cell subpopulation were observed in 
the spleen (Fig. 1, A and B). However, we found that the serum 
levels of IgG1, IgG2c, and IgG3 were significantly decreased in the 
Aff3-deficient mice (Fig. 1C). We also examined antigen-specific 
antibody production. Two weeks after immunization with ovalbu-
min (OVA)/complete Freund’s adjuvant (CFA), the anti-OVA anti
body titers in the serum were measured, and a significant decrease 

in the IgG2c level and an increase in the IgM level were observed in 
Aff3-deficient mice (Fig. 1D). The levels of IgG1, IgG3, and IgA were 
comparable between control and Aff3-deficient mice (Fig. 1D). These 
results demonstrate that the production of IgG subtypes is decreased in 
Aff3-deficient mice and that the extent of the reduction varies de-
pending on the isotypes and immune conditions.

We further examined the roles of AFF3 in the affinity matura-
tion of immunoglobulins. We performed enzyme-linked immuno-
sorbent assay (ELISA) using 4-hydroxy-3-nitrophenyl acetyl (NP)=2 
and NP=25 antigens to examine the effect of AFF3 on antigen- 
specific high- and low-affinity antibodies, respectively. We found 
that Aff3 deficiency did not significantly affect either the anti-NP=2 
or anti-NP=25 serum titers of IgG2b and IgA (fig. S5A). The ratio of 
NP=25 to NP=2 was also not significantly affected (fig. S5B). These 
results suggest that Aff3 deficiency does not affect the affinity mat-
uration of immunoglobulins.

Aff3-deficient mice are highly susceptible to P. yoelii infection
As Aff3 deficiency impaired but did not completely abolish IgG 
production, we examined whether the impairment was significant 
enough to affect host defense against pathogens. We chose an infec-
tion model involving the mouse malaria parasite P. yoelii because 
we found that IgG2c was most robustly affected by Aff3 deficiency, 
and this isotype or its equivalent, IgG2a, has been reported to be the 
most critical anti-malaria parasite antibody in mice (31–34). We in-
fected mice with P. yoelii and measured the infected erythrocytes 
in peripheral blood (parasitemia) and anti–P. yoelii antibodies in 
serum. Aicda (AID-encoding gene)–deficient mice were used to 
compare the effect of the reduced antibody levels induced by Aff3 
deficiency with the effect of the complete absence of CSR induced 
by Aicda deficiency. Compared with control mice, Aicda-deficient 
mice showed higher parasitemia levels, and all four Aicda-deficient 
mice died approximately 1 month after being infected, while none 
of the control mice died (Fig. 2A). The Aff3-deficient mice showed 
higher parasitemia levels than the control mice but lower parasite-
mia levels than the Aicda-deficient mice (Fig.  2A). One of four 
Aff3-deficient mice died within 1 month after being infected, indi-
cating that Aff3 deficiency moderately increases sensitivity to the 
parasite. Serum antibody titers against P. yoelii were measured on 
days 14 and 50, and we observed decreased IgG2c and IgG1 titers 
and increased IgM titers in Aff3-deficient mice on days 14 and 
50 (Fig. 2B). These results indicate that the regulation of IgG pro-
duction by AFF3 plays a substantial role in host defense against the 
pathogen. We also generated an influenza virus–infected mouse model. 
We found that the antiviral IgG level was reduced in Aff3-deficient 
mice (fig. S6, A and B), indicating that IgG production is impaired 
in Aff3-deficient mice under various conditions. The body weights 
of the mice were not affected, probably because of the use of a viru-
lent influenza strain.

CSR is disturbed in Aff3-deficient mice in a  
B cell–intrinsic manner
We sought to evaluate whether AFF3 regulates IgG production in 
B cells or T cells by analyzing the offspring of Aff3-floxed mice crossed 
with Cd4-cre or Cd19-cre mice. When we analyzed their antibody 
titers in serum, we found that the IgG2c titers were decreased in the 
mice generated from the cross with Cd19-cre mice but not in those 
from the cross with Cd4-cre mice, indicating that Aff3 expression 
in B cells is necessary to regulate IgG production (Fig. 3A). On the 
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other hand, even the Cd19-cre–mediated deletion of the Aff3 gene 
showed no effect on IgG1 and IgG3, presumably because of the in-
sufficient deletion of the Aff3 gene mediated by Cd19-cre. We found 
that approximately 10% of the original Aff3 mRNA content remained 

in B cells in which Aff3 was deleted by Cd19-cre, whereas only ap-
proximately 0.3 and 2% of the mRNA remained in the B cells with 
the null and deletion mutants generated by Cd4-cre, respectively 
(fig. S2, B and C).
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Fig. 1. Aff3 deficiency reduces serum antibody levels. (A) Flow cytometry analysis of splenocytes from Aff3+/− and Aff3−/− mice. Top: Percentage of CD19+ cells. Bottom: CD23/
CD21 profiles among CD19+-gated cells. CD21intCD23+ cells are follicular or T2 B cells; CD21hiCD23− cells are marginal zone B cells, and CD21−CD23− cells are B1a or T1 B cells. 
(B) Quantification of total splenocytes and the percentages of B cell subpopulations (n = 6 in each group). (C) The serum antibody titers in unimmunized mice were measured 
by ELISA (n = 12 in each group). (D) The relative amounts of antibodies in the OVA-immunized mice were measured by ELISA [n = 5 in the Aff3+/− group (purple) and n = 7 in the 
Aff3−/− group (red)]. The mice were immunized with OVA/CFA, and their sera were collected at 2 weeks after immunization. The serum was serially diluted and subjected to 
measurements. In (B to D), the data are shown as means ± SEM. *P < 0.05, **P < 0.01, ***P < 0.005, and ****P < 0.001. The P values were calculated using unpaired t tests with 
Welch’s correction (B and C) or multiple Welch’s t tests with Holm-Sidak correction (D). The data shown in this figure are representative of at least two experiments.
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To determine whether AFF3 regulates CSR, we purified naïve 
CD43− B cells from the spleens of Aff3+/− and Aff3−/− mice and 
cultured them in the presence of lipopolysaccharide (LPS) together 
with interleukin-4 (IL-4) or IFN-. The cell surface expression 
levels of IgG1, IgG3 (Fig. 3B), and IgG2c (Fig. 3C) were reduced in 
Aff3-deficient B cells, strongly suggesting that AFF3 in B cells regu-
lates CSR. To further determine whether AFF3 regulates CSR in a B 
cell–intrinsic manner, we transduced Aff3 cDNA into B cells with a 
retroviral vector and assessed IgG1 expression. The expression of 
IgG1 in Aff3-deficient B cells transduced with Aff3 was recovered 
(Fig. 3D). In contrast, little recovery was observed in the cells trans-
duced with Aff1, and no recovery was observed following Aff4 
transduction (Fig. 3D). These results indicate that AFF3 regulates 
CSR in a B cell–intrinsic manner and suggest that AFF3 and AFF1/4 
are not functionally redundant.

AFF3 directly binds to switch regions
As B cell proliferation and activation are necessary for CSR (23, 35), 
we analyzed B cell activation and proliferation following stimulation. 
The applied carboxyfluorescein succinimidyl ester (CFSE) dilutions 
did not differ between the control and Aff3-deficient B cells (Fig. 4A). 
We evaluated activation by analyzing the transcriptomes of Aff3- 
deficient B cells on day 3 of culture with LPS and IL-4. Only slight 
changes in the expression levels of several genes were observed, 
none of which were considered to be related to B cell activation or 
proliferation (Fig. 4B). Moreover, the mRNA and protein expres-
sion of AID was not altered in the absence of Aff3 (Fig. 4C). These 
results suggest that the major function of AFF3 in B cells is not the 
transcriptional regulation of gene transcription.

As no substantial changes in B cell proliferation or activation were 
induced by Aff3 deficiency, we next assessed whether AFF3 is directly 
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Fig. 3. Aff3 regulates CSR in a B cell–intrinsic manner. (A) Serum antibodies from Aff3flox/flox Cd4cre and Cd19cre mice were measured by ELISA (n = 5 in each group). 
(B) Flow cytometry analysis of class switching to IgG1. CD43− B cells were harvested from Aff3+/− (purple) or Aff3−/− (red) mice and cultured with LPS and IL-4 (10 g/ml). 
After 4 days, the cells were analyzed by flow cytometry. The panels show the IgG1 and IgG3 expression profiles and the statistical analysis (n = 4 in each group). (C) Flow 
cytometry analysis of class switching to IgG2c. CD43− B cells were cultured with LPS and IFN- (10 g/ml). The panels show the IgG2c expression profiles and the statistical 
analysis (n = 3 in each group). (D) Overexpression of the AFF3 compensated for the Aff3−/− phenotype. CD43− B cells were harvested from Aff3−/− mice and cultured with 
LPS and IL-4. The cDNAs of Aff3, Aff1, and Aff4 were transduced with a retroviral vector carrying the green fluorescent protein (GFP) marker. The panel shows the percent-
age of IgG1+ cells in GFP+CD19+ cells (n = 3 in each group). EV, empty vector. The data are shown as means ± SEM. *P < 0.05, ***P < 0.005, and ****P < 0.001. The P values 
were calculated using unpaired t test with Welch’s correction in (A to C) and via one-way ANOVA with Dunnett’s multiple comparisons test in (D). The data shown in this 
figure are representative of at least two experiments.
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Fig. 4. AFF3 protein directly binds to the switch region. (A) CD43− B cells were stained with CFSE and cultured. The cells were analyzed by flow cytometry. (B) Tran-
scriptome analysis of Aff3-deficient B cells. CD43− B cells were cultured with LPS and IL-4. After 3 days of culture, total RNA was prepared and analyzed on a cDNA microarray. 
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cultured with LPS (10 g/ml) and IL-4 (10 ng/ml). Western blotting was performed with anti-AID antibody, and the membrane was reprobed with anti–extracellular signal–
regulated kinase 1/2 (ERK1/2) antibody to assess the loading amounts. nt, nucleotide. (D) AFF3 binds to switch regions. CD43− B cells were cultured with LPS (10 g/ml) 
and IL-4 (10 ng/ml) for 3 days. Empty (purple) or 3xFLAG-tagged cDNA of the C-terminal half of Aff3 (red) was transduced. The efficiency of transduction was estimated 
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the Acta (encoding -actin) gene serving as a negative control. S-SR indicates the switch region of IgM (table S4) (70). S1-c and S1-d indicate the switch region of IgG1 
(fig. S7 and table S4). In (C and D), the data are shown as means ± SEM. ****P < 0.001. The P values were calculated using unpaired t tests with Welch’s correction. The data 
shown in this figure are representative of at least two experiments except for those in (B). The primers used in the experiments are listed in table S4.
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involved in CSR. Therefore, we investigated whether AFF3 could 
directly bind to switch regions. We added a 3xFLAG tag to the be-
ginning of the C-terminal half of the AFF3 protein, which includes 
the DNA/RNA binding region (36–38), and we overexpressed the 
resulting construct in B cells. Binding to switch regions was assessed 
in a chromatin immunoprecipitation–quantitative polymerase chain 
reaction (ChIP-qPCR) assay with an anti-FLAG antibody. We 
detected significant increases in the signals near the switch regions 
of IgM and IgG1, indicating that AFF3 can bind to these regions 
(Fig. 4D).

Aff3 deficiency reduces mutation rates in the switch 
region of IgG1
To examine which CSR step was regulated by AFF3, we first com-
pared the germline and postswitch transcript levels of the IgG1 switch 
region in B cells stimulated with LPS and IL-4 as determined by 
quantitative reverse transcription PCR (qRT-PCR). No differences 
in the expression levels of germline transcripts were observed, 
whereas significant decreases in the expression levels of postswitch 
transcripts were observed in the Aff3-deficient cells (Fig. 5A). Sev-
eral papers have suggested that RNAPII temporarily stalls in switch 
regions and forms an R loop, which promotes mutation and recom-
bination in these regions (39, 40). Thus, we analyzed whether RNAPII 
binding to switch regions was decreased by Aff3 deficiency. However, 
the amount of RNAPII binding to switch regions in Aff3-deficient 
B cells was equivalent to that in control cells, as determined by 
ChIP-qPCR (fig. S7).

Regarding the other CSR step, we examined whether DNA re-
combination was affected by Aff3 deficiency. We prepared genomic 
DNA from LPS ± IL-4–stimulated B cells and performed a semi-
quantitative PCR analysis of the IgM-G1 chimeric switch region. 
We expected to detect smear bands corresponding to DNA recom-
bination because the positions related to recombination were not 
fixed within the switch regions; chimeric switch regions of various 
lengths should therefore have appeared (41). The formation of smear 
bands derived from the chimera was decreased by Aff3 deficiency, 
indicating a reduction in DNA recombination in Aff3-deficient B cells 
(Fig. 5B). We also examined whether the efficiency of AID-induced 
mutation in switch regions was affected by Aff3 deficiency. The 
recombined IgM-G1 switch junction was amplified by PCR, and the 
obtained DNA fragments were cloned and sequenced. The muta-
tion rate in the IgM switch region was not significantly affected by 
Aff3 deficiency, but that in the IgG1 switch region was significantly 
decreased in Aff3-deficient B cells (Fig. 5C and table S1). These re-
sults indicate that AFF3 regulates mutagenesis in switch regions in 
an isotype-dependent manner.

Aff3 deficiency reduces the recruitment of AID 
to switch regions
AID is an essential molecule for CSR (24), and its deletion leads to 
the almost complete disappearance of CSR among all isotypes. 
Notably, it has been reported that when functional AID levels are 
reduced by half, IgG2c levels are markedly decreased in an influenza 
infection model (42) similar to the case in Aff3-deficient mice im-
munized with CFA/OVA or CFA/4-hydroxy-3-nitrophenyl acetyl–
chicken gamma globulin (CFA/NP-CGG) (Fig. 1D and fig. S5A). As 
the mRNA and protein expression of Aicda (AID) was not affected 
by Aff3 deficiency (Fig. 4C), we sought to assess the involvement of 
AFF3 in the recruitment of AID to switch regions. As the ChIP assay 

of AID was not successful in primary B cells, even when FLAG-tagged 
AID was used, we used the CH12 mouse B cell line, in which IgM is 
switched to IgA by stimulation with anti-CD40, IL-4, and transform-
ing growth factor– (TGF-). The expression of germline transcripts 
and AID and the proliferation of cells were not altered in Aff3-deficient 
CH12 cells (Fig. 6, A and B, and fig. S8). On the other hand, we 
observed slightly but significantly reduced class switching to IgA in 
three independently generated Aff3−/− clones (Fig. 6C). Although we 
did not observe a statistically significant reduction in IgA in Aff3-
deficient mice, the average IgA level tended to be decreased (Figs. 1C 
and 3A and figs. S5A and S6B). As IgA levels are affected by many 
factors in vivo, the observed variations might have affected the sta-
tistical significance of the results. In CH12 cells, the coloniality and 
relatively stable culture conditions of these cells allowed a moderate 
difference in IgA to be detected between the control and Aff3−/− cells. 
We subsequently performed ChIP-qPCR analysis of AID and found 
that the binding of AID to the IgM and IgA switch regions was re-
duced in Aff3-deficient cells (Fig. 6D), indicating that AFF3 is re-
quired for the maximal AID occupancy of switch regions.

A risk allele for rheumatoid arthritis is associated 
with the mRNA expression of AFF3, IGHG2, and IGHA2 
in B cells
Last, we assessed the association of a risk allele for rheumatoid 
arthritis with AFF3 mRNA expression and isotype usage in humans. 
We used a dataset including gene expression information from im-
mune cell subsets and SNPs obtained from healthy donors and patients 
with immune-mediated diseases (ImmuNexUT; www.immunexut.
org/) (43). First, we assessed the expression of AFF3 mRNA in this 
human database and found that AFF3 was particularly highly ex-
pressed in B cells and was expressed at very low levels in T cells 
(Fig. 7A). Next, we analyzed the expression quantitative trait loci 
(eQTLs) of the AFF3 gene. We found that the “T” allele of SNP 
rs11676922, associated with susceptibility to rheumatoid arthritis, 
was significantly associated with high AFF3 expression (Fig.  7B). 
We then analyzed the relationship of this allele with isotype usage, 
which revealed that the T risk allele was associated with highly fre-
quent use of IgG1 and IgA2 (Fig. 7C). We next investigated whether 
there could be a causal relationship between AFF3 levels and IgG2 
levels by overexpressing AFF3 or the empty viral control in Aff3+/− 
cells. We found that AFF3 overexpression was sufficient to increase 
switching to IgG1 (fig. S9). These results are consistent with the hy-
pothesis that AFF3 regulates CSR in B cells and is involved in the 
pathogeneses of rheumatoid arthritis and other antibody-associated 
immune diseases in humans.

DISCUSSION
Studies on immune-mediated diseases performed using GWAS data 
have provided many candidate loci associated with each investigated 
disease (44, 45). The contributions of these loci to the pathogenesis 
of immune-mediated diseases are, however, largely unclear because 
of their small effects on gene expression and functions. Here, we 
screened genes among candidates that were associated with at least 
two autoimmune diseases based on the following criteria: expres-
sion restricted to immune cells and the lack of a known function in 
immune cells. Among nine genes meeting these criteria, we focused 
on the AFF3 gene because its mRNA expression is higher in lym-
phocytes than in other types of cells (12, 13), suggesting that AFF3 
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directly regulates acquired immunity. We found that AFF3 is re-
quired for optimal CSR through the regulation of AID recruitment 
or retention in switch regions. AFF3 is thought to be involved in 
transcription elongation because its paralogs AFF1/4 regulate this 
process (14, 46) and form a complex with P-TEFb, which is an 
essential regulator of transcription elongation (14). In our studies, 

neither Aff1 nor Aff4 complemented Aff3 deficiency, demonstrating 
that these genes are not redundant. Although Aff3 deficiency did 
not completely abolish CSR, it significantly affected susceptibility to 
infection by a malaria parasite. Furthermore, a risk allele for rheu-
matoid arthritis is correlated with high AFF3, IGHG2, and IGHA2 
expression in human B cells. These data indicate that AFF3 is a substantial 
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Fig. 5. Aff3 deficiency affects CSR. (A) qRT-PCR was used to analyze the germline and postswitch transcript levels of IgG1 (n = 3 in each group). Aff3+/− (purple) or Aff3−/− 
(red) CD43− B cells were cultured with LPS (10 g/ml) and the indicated amount of IL-4. After 3 days of culture, total RNA was extracted from the cells and analyzed. 
(B) Semiquantitative PCR was performed to analyze CSR. CD43 B cells were cultured as described in (A), and genomic DNA was extracted. PCR of the IgM and IgG1 switch 
regions in combination was performed with the indicated primers. The genomic DNA was serially diluted and used as the template for PCR. Primers for CD19 were used 
as an internal control. (C) Genomic DNA was prepared as described in (B). Fragments of IgM-IgG1 chimeric switch regions were amplified by nested PCR. The fragments 
were sequenced, and the mutation rates per nucleotide were plotted (n = 3 in each group). The detailed data are shown in table S1. In (A and C), the data are shown as 
means ± SEM. *P < 0.05 and ***P < 0.005. The P values were calculated using unpaired t tests with Welch’s correction. The data in (A and B) are representative of at least 
two experiments. The primers used are listed in table S4.
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facilitator of CSR with an isotype preference and suggest AFF3 
as a target molecule for the treatment of autoantibody-mediated  
diseases.

The regulation of CSR can be divided into several steps: (i) 
the regulation of AID expression, (ii) the transcription of switch 
regions to open their DNA structure, (iii) the recruitment of AID to 
the switch regions, (iv) the introduction of C-to-U mutations in the 
switch regions by AID, (v) the processing of the mutations by the 
DNA repair machinery to generate DNA breaks, and (vi) recombi-
nation joining of two breaks in different switch regions (24). In 
Aff3-deficient B cells, steps (i) and (ii) were unaffected, while the 
occurrence of step (iii) and the subsequent steps seemed to be de-
creased to some extent. While the mechanism by which AID is re-
cruited to switch regions is still unclear, the following mechanisms 
have been proposed: (i) enhanced formation of the R loop and 
stalling of RNAPII, resulting in easy access by AID (25, 39); (ii) 

formation of G4-DNA in switch regions with high affinity to AID 
(42, 47, 48); (iii) binding of switch region–derived G4-RNA to AID 
and switch regions (40, 42); (iv) recruitment of AID by the RNA 
exosome coupled with RNAPII (49, 50); (v) binding of transcrip-
tion elongation factors to AID and switch regions (51–53); and (vi) 
binding of cohesin and its regulators to AID and switch regions 
(54). Concerning mechanism (i), we did not observe a change in the 
ChIP signal corresponding to RNAPII in the switch regions, sug-
gesting that R loop formation induced by the stalling of RNAPII is 
not affected by Aff3 deficiency. Regarding mechanisms (ii) and (iii), 
AFF3 was shown to preferentially bind to G4-DNA/RNA (55) and 
may therefore support the binding of AID to these nucleic acid struc-
tures, although our data do not provide evidence that either confirms 
or rules out this possibility. In mechanism (iv), the transcription 
elongation factors SPT5 (suppressor of Ty 5) and SPT6 and the 
polymerase associated factor (PAF) complex are required for the 

Fig. 6. Aff3 deficiency decreased AID recruitment in the CH12 B cell line. (A) Effects of Aff3 deficiency on mRNA expression in CH12 B cells (n = 3 in each group). The 
Aff3 gene was disrupted by CRISPR-Cas9 (fig. S8), and the transcripts of the switch regions of IgM, IgA, and AID of wild-type (WT) (purple) or knockout (KO) clones (red) 
were evaluated by qRT-PCR. (B) Effect of Aff3 deficiency on the proliferation of CH12 cells. The cells were stained with CFSE and analyzed after being cultured for 3 days. 
WT clones are shown in gray, and KO clones are indicated with blue, orange, and green lines. (C) Effect of Aff3 deficiency on the CSR to IgA in CH12 B cells (n = 3 in each 
group). WT (purple) or KO clones (red) were stimulated with CIT (anti-CD40 antibody, IL-4, and TGF-) for 3 days and then analyzed by flow cytometry. (D) The binding of 
AID to switch regions was assessed by ChIP-qPCR with an anti-AID antibody (n = 2 in each group). Aicda-KO, WT, and KO clones are represented by the gray, purple, and 
red columns, respectively. In (C), *P < 0.05, **P < 0.01, and ***P < 0.005. The P values were calculated using one-way ANOVA with the Holm-Sidak multiple comparison test. 
The primers used in the experiments are listed in table S4.
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recruitment of AID (51–53, 56–58). In addition to these factors, 
Methot and colleagues (52) performed a BioID assay and detected 
AID and CDK9 in their vicinity. Since the proximity of CDK9 was 
reduced in AID mutants that failed to occupy switch regions but were 
normally recruited to the transcription start site, P-TEFb might be 
involved in linking AID to transcription elongation. AFF3 might 
regulate the recruitment of AID in collaboration with these factors. 

With respect to mechanism (v), one previous study has reported 
that cohesin directly interacts with CDK9 and other SEC components 
(59). Concerning mechanism (vi), as AID binds to cohesin and its 
related factors and as the knockdown of these factors reduces the 
recruitment of AID to switch regions, which is followed by the im-
pairment of CSR (54), AFF3 may regulate CSR by facilitating the 
interaction of AID with cohesin factors. Further investigation remains 
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Fig. 7. AFF3 gene expression and its disease association in humans. (A) AFF3 mRNA expression in human immune cells as determined from the ImmuNexUT (www.
immunexut.org/) database (43). The full names of the cells are listed in table S5. (B) AFF3 mRNA expression in human B cell subpopulations stratified by genotype. The 
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to be carried out to clarify which factors are involved in AFF3-facilitated 
AID recruitment.

We identified an isotype- and context-dependent requirement 
of AFF3 for CSR. For instance, a reduction in IgG2c was observed 
under all conditions, while a reduction in IgG1 was observed in the 
serum of unimmunized Aff3-deficient mice but not in that of OVA- 
immunized mice. These results might be explained by previous 
reports showing that a reduction in AID abundance differentially 
affects the CSR of each isotype in a condition-dependent manner. 
In AicdaGV/+ mice, which exhibit half the level of functional AID 
found in Aicda+/+ mice, the abundance of each isotype was shown 
to be reduced to a different extent, and the size of the reduction 
depended on the conditions of the experiments (42). Specifically, the 
authors showed that among IgG1, IgG2b, and IgG2c, only IgG2c 
exhibited significantly reduced abundance in an influenza virus in-
fection model. They also showed that no isotypes were affected in 
unimmunized mice but that the levels of IgG1, IgG3, and IgA were 
reduced to different degrees in ex vivo culture. Furthermore, knock-
down of Spt5 in CH12 cells reduces (but does not completely abolish) 
AID recruitment to IgM and IgA switch regions (51), whereas the 
numbers of DNA breaks are decreased in the switch region of IgA 
but not in that of IgM (57). These results are consistent with our 
results, showing that Aff3 deficiency decreased the mutation rate in 
the switch region of IgG1 but not in that of IgM. The reason why the 
reduction in AID abundance differentially affects each isotype in a 
condition-dependent manner remains unclear. The concentrations 
and/or modifications of AID and CSR regulators differ among different 
target sites and conditions. Concerning SHM, Aff3 deficiency did 
not affect the affinity maturation of immunoglobulins in NP-CGG–
immunized mice. As AicdaGV/+ mice show no significant reduction in 
SHM in either unimmunized or immunized conditions (42), SHM 
might also be less sensitive to AID reduction than to CSR to IgG2c.

We found that the risk allele for rheumatoid arthritis was cor-
related with high expression levels of AFF3 and frequent utilization 
of IgG2 and IgA2 in B cells. In patients with rheumatoid arthritis, 
rheumatoid factor IgG and anticyclic citrullinated peptide IgG anti-
bodies are detected even before the onset of the disease and are related 
to disease severity, suggesting that specific classes of autoantibodies 
are related to the pathogenesis (60–63). Moreover, islet-specific 
autoantibodies (anti-insulin, glutamate decarboxylase, islet antigen 
2, and islet-specific zinc transporter antibodies) have been detected in 
patients with T1D (64–66) and are considered to be the best avail-
able markers for predicting the disease. Thus, the regulation of CSR 
to IgG by AFF3 might be related to these potentially pathogenic an-
tibodies. Although the autoantibodies detected in very early phase 
or before/without onset of the diseases suggest that the autoanti-
bodies alone are not enough to cause the diseases (21, 65), these 
autoantibodies might be cooperatively involved in onset and pro-
gression of the diseases. Therefore, it is important to further inves-
tigate the class-specific effects of autoantibodies and the role of 
AFF3-related CSR in the pathogeneses of autoimmune diseases. Al-
though B cell depletion therapy with an anti-CD20 antibody is effec-
tive for some types of autoimmune diseases (20, 21, 65), targeting a 
specific molecule that is more relevant to disease pathogenesis is 
desirable, considering that the immunodeficiency induced by B cell 
depletion may have detrimental effects, such as an increased risk of 
infection. In this context, the development of drugs targeting AFF3 
may serve as an additional treatment strategy for autoantibody-
related diseases that reduces adverse reactions (67).

MATERIALS AND METHODS
Mice
Aff3-floxed and null mice were generated at the Laboratory Animal 
Resource Center of the University of Tsukuba (fig. S2). A loxP gene 
fragment was inserted into the mouse Aff3 locus via the CRISPR- 
Cas9 method. The loxP-containing donor DNA fragments, guide 
RNA (the target sequences are listed in table S4), and Cas9 were 
introduced into mouse prenuclear-stage fertilized eggs by microin-
jection. Genetically modified mice (C57BL/6J background) were 
obtained by implanting fertilized eggs into the uteri of pseudo-
parent mice. The modified Aff3 loci were evaluated by PCR and DNA 
sequencing. Mice carrying flox insertions and mice harboring dele-
tions of exons 2 to 4 were obtained. The mice were housed under 
specific pathogen–free conditions and used for experiments at 8 to 
12 weeks of age. All animal experiments were performed in accor-
dance with the guidelines established by the animal research com-
mittee of Tokushima University. Aicda−/− mice, Cd4-cre transgenic 
mice, Cd19-cre knock-in mice, and R26LSL-tdTomato mice were gifts 
from T. Honjo (Kyoto University), M. Kubo (RIKEN), S. Chiba 
(The University of Tokyo), and M. Murakami (Hokkaido University), 
respectively.

Flow cytometry
Single-cell suspensions were prepared from mouse lymph node, 
spleen, or thymus tissue. Splenic cells were resuspended in lysis buf-
fer (150 mM NH4Cl, 14 mM NaHCO3, and 0.1 mM EDTA) to lyse 
red blood cells for 1 min at room temperature and then washed with 
RPMI medium. The cells were stained with fluorescence-activated 
cell sorting (FACS) buffer [phosphate-buffered saline (PBS) with 
1% fetal bovine serum and 0.1% NaN3] for 20 to 30  min at 4°C, 
washed and resuspended in FACS buffer, and analyzed by flow cy-
tometry (FACSCanto II, BD). The data were analyzed using FACS-
Diva (BD) or Weasel software (version 3.6.2; https://frankbattye.
com.au/Weasel/). The antibodies used in the experiments are listed 
in table S2.

Immunization
OVA (100 g per mouse; Sigma-Aldrich, A5503) or NP-conjugated 
chicken gamma-globulin ratio 49 (100 g per mouse; LGC Biosearch 
Technologies, N5055E-5) was emulsified in CFA (Sigma-Aldrich, 
F5881). Thereafter, the mice were immunized intraperitoneally.

Enzyme-linked immunosorbent assay
ELISAs were performed in flat-bottom 96-well plates (Falcon, 353072), 
and the antibodies used are listed in table S3. The plates were coated 
with anti-immunoglobulin capture antibodies or antigens at 4°C 
overnight. The plates were then washed five times with 0.05% PBST 
(PBS containing 0.05% Tween 20) and blocked with PBS containing 
1% bovine serum albumin (BSA) for 2 hours at room temperature. 
The plates were next washed five times, loaded with diluted serum 
samples or standards, and incubated for 2 hours at room tempera-
ture. The plates were subsequently washed five times, loaded with 
secondary antibodies, and incubated for 1 hour at room tempera-
ture. Then, the plates were washed five times and developed with 
3,3′,5,5′-tetramethylbenzidine substrate solution (Invitrogen, 00-4201-56); 
the reaction was stopped by the addition of 0.25 M H2SO4 (WAKO, 
192-04755). The plates were lastly read at 450 nm on a SpectraMax 
ABS plate reader (Molecular Devices). For the NP-specific assay, 
plates were coated with NP(2)-BSA (LGC Biosearch Technologies, 
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N-5050XL-10) or NP(25)-BSA (LGC Biosearch Technologies, 
N-5050H-10) resuspended in PBS.

Mouse malaria model
C57BL/6 mice were used as infected hosts, and P. yoelii 17X was 
used as the malaria parasite. At the time of P. yoelii inoculation, 
10,000 sporozoites were intravenously administered to the mice. 
The course of infection was monitored by microscopic examination 
of Giemsa-stained tail blood smears. Mouse serum samples were 
collected at 50 days after inoculation for ELISA.

Mouse influenza infection
Mice were anesthetized by the inhalation of sevoflurane and then 
administered the A/Aichi/2/1968 (H3N2) influenza virus (1 × 104 
plaque-forming units) via their nasal cavity using a pipette. The mice 
were weighed daily after infection. After euthanasia by deep anesthesia 
with sevoflurane or cervical dislocation 14 days after infection, blood 
was collected and used for the measurement of virus antigen-specific 
immunoglobulins (IgM, IgG, and IgA) after serum isolation.

B cell culture
For primary B cell culture, single-cell suspensions of mouse spleno-
cytes were prepared by filtering through a 70-m cell strainer (Falcon, 
352350). The cells were centrifuged and resuspended in 1 ml of red 
blood cell lysis buffer for 1 min at room temperature and then washed 
two times with RPMI complete medium. Naïve B cells were purified 
by negative selection using a biotin-conjugated anti-CD43 antibody 
(Miltenyi Biotec, 130-101-954) and anti-biotin magnetic beads 
(Miltenyi Biotec, 130-090-485) according to the manufacturer’s 
protocol. B cells were plated at a density of 5 × 104 to 20 × 104 cells 
per well in a 24-well plate and cultured in RPMI complete medium. 
B cells were stimulated with LPS (Sigma-Aldrich, L2654) with or without 
IL-4 (Miltenyi Biotec, 130-097-757) or IFN- (BioLegend, 575304).

Western blotting
Cell pellets were lysed in ice-cold radioimmunoprecipitation assay 
(RIPA) buffer (Nacalai Tesque, 16488-34) with protease inhibitor 
(Roche, 11836170001), and the lysates were boiled in SDS loading 
dye. Twenty micrograms of the sample per lane was resolved by SDS– 
polyacrylamide gel electrophoresis, and the blots were incubated with 
an anti-AID antibody (clone 1AID-2E11; Invitrogen, MA3-081). They were 
then incubated with a horseradish peroxidase (HRP)–conjugated goat 
anti-mouse IgG antibody (31430, Pierce Biotechnology). After de-
tecting AID, the antibodies were removed from the membrane with 
WB stripping solution (Nacalai Tesque, 05364-55), and the membrane 
was reprobed with an anti–extracellular signal–regulated kinase 1/2 
antibody (clone 137F5; Cell Signaling Technology, #4695) and an HRP- 
conjugated goat anti-rabbit IgG antibody (Bio-Rad, 170-6515) as a 
loading control. The bands were detected with ECL Prime Western blot-
ting detection reagent (Sigma-Aldrich, GERPN2236) and with the 
Odyssey XF (LI-COR). The bands were quantified with ImageJ (68).

Plasmid construction
Mouse Aff1, Aff3, and Aff4 cDNA was amplified from mouse splenic 
RNA using ReverTra Ace qPCR RT master mix with genomic DNA 
remover (TOYOBO, FSQ-301) and DNA polymerase KOD Plus Neo 
(TOYOBO, KOD-401) according to the manufacturer’s instructions. 
The fragments were cloned into the pGEM-T-easy vector (Promega, 
A1360) and then subcloned into the pMXs-IRES-GFP retroviral vector 

(Cell Biolabs, RTV-013). The primers used in the experiments are 
listed in table S4.

Gene transduction into B cells
Retroviruses were prepared via the transfection of pMXs-IRES-GFP 
harboring various cDNAs into Plat-E (69) packaging cells with 
GeneJuice Transfection Reagent (Millipore, 70967-6) according to 
the manufacturer’s instructions. After changing the medium at 
24 hours, the supernatant was collected at 48 and 72 hours after 
transfection. The debris in the supernatant was removed by using 
0.45-m filters (Sartorius, S7598). Polybrene transfection reagent 
(Millipore, TR-1003-G) was added to a final concentration of 10 g/
ml. B cells were cultured in 24-well plates for 24 and 48 hours, and 
the retroviral supernatant was added to each well. The plates were 
centrifuged at 2600 rpm for 90 min at 30°C. After centrifugation, 
half of the supernatant was removed, and fresh RPMI complete me-
dium supplemented with LPS and IL-4 was added.

cDNA microarray analysis
RNA was extracted, and genomic DNA was degraded using the 
RNeasy Plus Mini Kit (QIAGEN, 74134). The quality of the RNA 
was evaluated with an Agilent 2100 Bioanalyzer. Probe preparation 
and microarray analyses were performed with a 4x44K whole-genome 
mRNA microarray (Agilent Technologies). The resulting data were 
normalized using GeneSpring (Agilent Technologies) software and 
deposited into the Gene Expression Omnibus database (GSE193735).

Quantitative reverse transcription polymerase 
chain reaction
RNA was purified from cells using the RNeasy Plus Mini Kit (QIAGEN, 
74134) according to the manufacturer’s instructions. cDNA was syn-
thesized using SuperScript IV VILO master mix with ezDNase 
(Invitrogen, 11766050) according to the manufacturer’s instructions. 
qPCR experiments were performed with a StepOne (Applied 
Biosystems) or QuantStudio 5 (Applied Biosystems) system. Two micro-
liters of cDNA and FAST SYBR Green Master Mix (ABI, 4385612) 
were used in these assays. The data were normalized to Tbp mRNA 
expression. The primers used in the experiments are listed in table S4.

Semiquantitative PCR
CD43− B cells from mouse splenocytes were cultured at a density of 
6.8 × 104 cells per well in 24-well plates with RPMI complete medium 
containing LPS (10 g/ml) (Sigma-Aldrich, L2654) and IL-4 (±10 ng/
ml; Miltenyi Biotec, 130-097-757) for 4 days. After culture, the cells 
were harvested and disrupted with sodium chloride tris-EDTA buffer 
(10 mM tris-HCl, 10 mM EDTA, and 150 mM NaCl) containing pro-
teinase K (0.2 mg/ml). The cells were incubated at 55°C for 2 hours, 
after which genomic DNA was extracted and purified with phenol/
chloroform and isopropanol. Then, the DNA was treated with ribo-
nuclease and purified. IgM-IgG1 chimeric switch regions were 
amplified from serially diluted genomic DNA with KOD Plus Neo 
(TOYOBO, KOD-401) according to the manufacturer’s instructions. 
The samples were analyzed by 1.2% agarose gel electrophoresis. The 
primers used in the experiments are listed in table S4.

Chromatin immunoprecipitation–quantitative polymerase 
chain reaction
ChIP was performed with a ChIP-IT High Sensitivity kit (Active 
Motif, 53040) according to the manufacturer’s instructions. Briefly, 
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the cultured cells were cross-linked with formaldehyde (Thermo 
Scientific, 28906) at room temperature for 15 min. The reaction was 
stopped by adding stop solution and shaking for 5 min. The cells 
were washed with wash buffer and then lysed in chromatin prep 
buffer. The cells were centrifuged, resuspended in ChIP buffer in an 
AFA microtube (Covaris, 520045) and sonicated with an S220 in-
strument (Covaris) with the following parameters: duty cycle, 2%; 
peak incident power (PIP), 105 W; cycles per burst (CBP), 200; pro-
cessing time, 12 min; and temperature, 4°C. After removing debris 
by centrifugation, the supernatant was diluted with ChIP buffer. 
The indicated antibody (anti-FLAG clone M2 antibody, Sigma- 
Aldrich, F1804: anti-RNAPII clone D8L4Y, Cell Signaling Technol-
ogy, 14958) was added to the supernatant, which was then incubated 
at 4°C overnight with rotation. Then, protein G agarose beads were 
added, and incubation was performed for 2 hours at 4°C. The beads 
were washed with AM1 buffer, and the DNA/protein complexes 
were then eluted with AM4 buffer. Proteinase K was added to the 
eluted samples, which were then incubated at 55°C for 30 min and 
at 80°C for 2 hours. The DNA was purified with QIAGEN PB 
(QIAGEN, 19066) buffer and a gel extraction kit (QIAGEN, 28706). 
qPCR was performed as described for the qRT-PCR protocol. The 
primers used in the experiments are listed in table S4.

B cell proliferation
Purified CD43− B cells were suspended in PBS at a concentration of 
107 cells/ml, and CellTrace CFSE (Invitrogen, C34570) was added 
to a final concentration of 5 M. The cells were incubated for 8 min 
at 37°C in the dark. Then, RPMI complete medium was added to the 
cells, which were subsequently incubated for 3 min to stop the reac-
tion. The cells were washed three times with RPMI complete medium 
and cultured at a density of 2.5 × 104 cells per well in a 48-well plate 
in the presence of LPS (10 g/ml) and IL-4 (10 ng/ml). After 3 to 5 days 
of culture, the dilution of CFSE was assessed by flow cytometry.

Estimation of mutation rates in switch regions
Genomic DNA from class-switching B cells was prepared as de-
scribed for semiquantitative PCR. IgM-IgG1 chimeric switch re-
gions were amplified from the DNA with KOD Plus Neo (TOYOBO, 
KOD-401) beginning with the primers IgM-IgG1 SR1 forward and 
reverse (table S4) for the first 12 cycles followed by the primers 
IgM-IgG1 SR2 forward and reverse (table S4) for an additional 20 
cycles. The amplified DNA fragments were cloned into pCR4 using 
a Zero Blunt TOPO PCR cloning kit (Thermo Fisher Scientific, 450245). 
The samples were then sequenced with the T7 primer.

CRISPR and CSR assays in CH12F3-2 cells
CH12F3-2 cells (a gift from T. Honjo, Kyoto University, Japan) 
were grown at 37°C under 5% (v/v) CO2 in RPMI 1640 (Wisent) 
supplemented with 10% fetal bovine serum (Wisent), 100 nM 
-mercaptoethanol (Bioshop), and 1% penicillin-streptomycin (Wisent). 
To produce Aff3-knockout clones, 2 million CH12F3-2 cells were 
transiently transfected using the Amaxa Nucleofector Kit V (Lonza) 
with 1 g each of two pSpCas9(BB)-2A-GFP plasmids (pX458; 
Addgene, #48138) containing two guide RNAs targeting mouse 
Aff3 exons 2 and 4. The gRNAs were cloned into pX458 with Bbs I 
digestion. Green fluorescent protein–positive (GFP+) cells were then 
subcloned by sorting into a 96-well plate. The clones were genotyped 
for a 1635–base pair (bp) deletion in the Aff3 gene by PCR and verified 
by qRT-PCR of the Aff3 transcript. The CSR assay was performed in 

these cells by stimulating them with CIT [rat anti-CD40 (1 g/ml; 
clone 1C10, eBioscience), IL-4 (10 ng/ml), and TGF-1 (1 ng/ml; R&D 
Systems)] and measuring the proportion of IgA+ cells 3 days later by 
flow cytometry using anti-IgA conjugated with R-phycoerythrin (Southern 
Biotech). For the proliferation assay, cells were stained with 5 M 
CFSE (CellTrace CFSE Cell Proliferation Kit; Invitrogen). The ini-
tial staining and CFSE dilution were measured after 3 days via flow 
cytometry. The gRNA sequences and primers used for qRT-PCR 
and genotyping are listed in table S4.

ChIP-qPCR in CH12F3-2 cells
For AID ChIP, 4 million WT and Aff3−/− CH12F3-2 cells were stimu-
lated in 10 ml of medium with CIT and cross-linked with 1% formal-
dehyde for 8 min at room temperature at 16 hours after stimulation. 
The reaction was stopped by the addition of glycine to a 125 mM final 
concentration. The cells were washed twice with cold PBS, harvested, 
resuspended in RIPA buffer [150 mM NaCl, 1% (v/v) IGEPAL CA-630, 
0.5% (w/v) sodium deoxycholate, 0.1% (w/v) SDS, 50 mM tris-HCl 
(pH 8), 5 mM EDTA, and 1× CPI (complete protease inhibitor)] and 
sonicated with a Covaris E220 instrument with the following param-
eters to generate DNA with 200- to 600-bp fragments: time, 10 min; 
duty factor, 10%; PIP, 140 W; and CBP, 200. The samples were then 
clarified by the addition of a 1/10 volume of 10% Triton X-100 fol-
lowed by centrifugation at 20,000 rpm (4°C) for 15 min. An aliquot 
(5%) was taken to assess the DNA concentration and sonication 
pattern. For immunoprecipitation, samples were precleared with 20 l 
of Dynabeads Protein G (Thermo Fisher Scientific, 10004D) for 
1 hour (4°C). For each sample, 5 g of anti-AID antibody (clone 
328.8b; Active Motif, 39885) was coupled to 25 l of Dynabeads 
Protein G for 30 min and blocked for 1 hour (4°C) with BT buffer 
[0.5% Triton X-100, 10 mM tris (pH 8), 100 mM NaCl, 1 mM EDTA, 
0.5 mM EGTA, BSA (15 g/ml), transfer RNA (3 g/ml), and 1× CPI]. 
Immunoprecipitation was performed by overnight incubation of 20 g 
of precleared chromatin with blocked antibody-bead complexes. 
The beads were then washed twice (15 min at 4°C) with RIPA buffer, 
three times with ChIP wash buffer [100 mM tris-HCl (pH 8.5), 0.5 M 
LiCl, 1% (v/v) IGEPAL CA-630, and 1% (w/v) sodium deoxycholate], 
and once with 1× tris-EDTA buffer (TE). The immunocomplexes 
were eluted by incubation for 10 min at 65°C with 100 l of elution 
buffer [1% (w/v) SDS, 200 mM NaCl, 1 mM EDTA, 1 mM dithioth-
reitol, and 5 g of proteinase K] followed by incubation overnight at 
65°C. DNA was purified using a QIAquick PCR purification kit 
(QIAGEN) and resuspended in 50 l of tris-HCl (pH 8) to use as a 
template in qPCR. Briefly, 10 l of PCR mixtures containing 1× SYBR 
Green Mix (Thermo Fisher Scientific, A25741), a 1/10 fraction of 
ChIP-enriched DNA, and 100 nM primers were set up in 384-well 
plates. The primers used in the experiments are listed in table S4.

Human eQTL and isotype usage analysis
Gene expression data of immune cells in the ImmuNexUT database 
(61) were used for the analysis. AFF3 gene expression was compared 
among immune cells using healthy control samples. eQTL analysis 
was performed as previously reported (61). The isotype usage of each 
B cell sample was quantified using MiXCR (version 3.0.13) software. 
We treated each unique CDR3 sequence as a single event irrespective 
of the read depth. We defined isotype usage as the ratio of sequences 
with each isotype among all sequences in an individual. Samples 
with more than 500 unique clonotypes were used for the analysis. 
The association between isotype usage and genotype was assessed 
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with a linear regression model adjusted for the clinical diagnosis, 
technical batch effects, and age.

Statistics
Statistical analyses were performed, and all graphs were constructed 
with GraphPad Prism 9 (GraphPad Software Inc.). The samples 
are presented as the mean with or without error bars indicating the 
SEM. The statistical method used to analyze each data point is shown 
in the figure legends.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/ 
sciadv.abq0008

View/request a protocol for this paper from Bio-protocol.
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