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Activation-induced cytidine deaminase (AID) is essential for anti-
body class switch recombination (CSR) and somatic hypermutation
(SHM). AID originally was postulated to function as an RNA-
editing enzyme, based on its strong homology with apolipopro-
tein B mRNA-editing enzyme, catalytic polypeptide 1 (APOBEC1),
the enzyme that edits apolipoprotein B-100 mRNA in the presence
of the APOBEC cofactor APOBEC1 complementation factor/APOBEC
complementation factor (A1CF/ACF). Because A1CF is structurally
similar to heterogeneous nuclear ribonucleoproteins (hnRNPs), we
investigated the involvement of several well-known hnRNPs in AID
function by using siRNA knockdown and clustered regularly inter-
spaced short palindromic repeats (CRISPR)/CRISPR-associated pro-
tein 9–mediated disruption. We found that hnRNP K deficiency
inhibited DNA cleavage and thereby induced both CSR and SHM,
whereas hnRNP L deficiency inhibited only CSR and somewhat en-
hanced SHM. Interestingly, both hnRNPs exhibited RNA-dependent
interactions with AID, and mutant forms of these proteins contain-
ing deletions in the RNA-recognition motif failed to rescue CSR.
Thus, our study suggests that hnRNP K and hnRNP L may serve as
A1CF-like cofactors in AID-mediated CSR and SHM.
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Antigen-stimulated mature B cells express activation-induced
cytidine deaminase (AID), an essential enzyme for somatic

hypermutation (SHM) and class switch recombination (CSR) at
the Ig locus (1, 2). AID induces DNA breaks at the variable (V)
and switch (S) regions during SHM and CSR, respectively. Most
of the mutations produced during SHM are introduced by error-
prone DNA synthesis during single-strand break (SSB) repair (3,
4). In contrast, CSR requires the conversion of SSBs to double-
strand breaks (DSBs), followed by recombination between two
DSB ends located in the donor and acceptor S regions (5, 6). The
entire process of CSR is accomplished through elaborate DNA-
repair processes involving S–S synapse formation and end-joining.
The mechanism by which AID functions differently in DNA

cleavage and recombination at different loci remains unclear.
Functional studies of a large number of AID mutants revealed
that the N-terminal AID mutations impair SHM and CSR, in-
dicating that the AID N terminus, which also possesses a bipartite
nuclear-localization signal, is required for DNA cleavage in both
SHM and CSR (7–9). On the other hand, C-terminal AID mu-
tations suppressed the recombination activity of CSR but had no
effect on SHM, indicating that the C terminus of AID, which
contains a nuclear-export signal, is required for the recombination
activity associated specifically with CSR (7, 9, 10). Indeed, recent
studies showed that defects in the AID C terminus compromise
DNA end-joining and S–S synapse formation without perturbing
DNA breakage at either the V or S region (11, 12), also suggesting
a specific role for the AID C terminus in the recombination step
of CSR. Given AID’s small size (198 residues), we were intrigued
by its diverse and compartmentalized functions.
AID is a member of the AID–apolipoprotein B mRNA-editing

enzyme, catalytic polypeptide (APOBEC) cytidine deaminase

family, which is related to ancestral AID-like enzymes, PmCDA1
and PmCDA2, expressed in the lamprey (13, 14). Although most
of these related proteins are predicted to be involved in cytidine
deamination, their targets and the molecular mechanisms are not
fully elucidated (15). The best-characterized AID-like enzyme is
APOBEC1, an RNA-editing enzyme that catalyzes the site-spe-
cific deamination of C to U at position 6666 of the apolipoprotein
B-100 (APO B-100) mRNA, generating a premature stop codon
(16–18). The edited mRNA, referred to as “APOB-48,” encodes
the triglyceride carrier protein, a truncated product of the LDL
carrier protein, which is encoded by APO B-100 mRNA.
The specificity of the APOBEC1 RNA-editing activity is de-

termined by its cofactor, APOBEC1 complementation factor/
APOBEC complementation factor (A1CF/ACF), a 64-kDa RNA-
binding protein containing three distinct RNA-recognition mo-
tifs (RRMs) (19–23), which specifically targets a single C within
a transcript of ∼14,000 bases. A conserved motif of 11 nucleo-
tides (referred to as the “mooring sequence”), located four to six
nucleotides downstream of the edited base, is critical for A1CF
binding and RNA editing (24, 25). It also has been suggested
that a 30-bp predicted stem–loop structure surrounding the de-
aminated C is involved in target-site selection, but this sugges-
tion is controversial (26, 27). A1CF has been hypothesized to
melt the secondary structure of the editing site (28), thus al-
lowing C6666 access to APOBEC1 deamination and that A1CF
is the critical factor in the APOBEC1-editing complex (21,
22, 29) that mediates the RNA-substrate recognition and base-
editing specificity. Because A1CF binds to RNA and also docks
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APOBEC1, it is thought to function as a molecular bridge be-
tween the RNA substrate and APOBEC1.
A1CF shows strong structural similarity to the heterogeneous

nuclear ribonucleoprotein (hnRNP) family members, which typ-
ically possess more than one RNA-binding module, including
RRMs and K homology (KH) domains (30, 31). In particular,
the RRMs of A1CF show strong homology to the RRMs found
in the hnRNPs. APOBEC1 also can interact with more than one
isoform of hnRNP Q, which shows almost 50% identity with
A1CF (19). Members of the hnRNP protein family are involved
in multiple aspects of nucleic acid metabolism and show distinct
binding preferences for nucleic acids and proteins. For instance,
hnRNP K possesses KH domains, which bind RNA as well as
ssDNA (32), and it also contains a K-interactive region that re-
cruits diverse proteins such as kinases and mRNA regulators. In
contrast, hnRNP L contains four RRMs and preferentially binds
to CA repeats in RNA (33).
The evolutionary conservation between AID and APOBEC1

led us to postulate that AID may use different hnRNP proteins
as cofactors for its roles in promoting DNA cleavage and re-
combination (15, 34). Because both AID-induced DNA cleavage
and recombination are dependent on AID’s cytidine deaminase
activity, the dual functions could involve differential target
specificities, which could be determined by cofactors rather than
by AID itself. Thus, the use of hnRNPs as specific cofactors for
DNA cleavage and recombination may contribute to the mech-
anism by which AID mediates both processes.
To investigate the involvement of hnRNP family proteins in

CSR, we performed siRNA screening of various hnRNPs and
identified hnRNP K and hnRNP L as AID cofactors required for
CSR. In addition, our finding that both hnRNPs interact with
AID in an RNA-dependent manner suggests AID’s role in CSR
and SHM could involve RNA editing.

Results
Both hnRNP K and hnRNP L Are Required for Efficient CSR. To ex-
amine whether AID function requires a cofactor similar to
APOBEC1’s requirement for A1CF, we used siRNA-mediated
knockdown to study the effects of candidate hnRNP depletion
on CSR. Because A1CF is not expressed, we knocked down
other hnRNPs individually in a mouse B-cell line, CH12F3-2A,
which undergoes high-efficiency CSR from IgM to IgA in re-
sponse to stimulation with CD40L, IL-4, and TGF-β (CIT).
Among the hnRNPs screened, the knockdown of hnRNP K and
hnRNP L (Fig. 1A) showed substantially reduced (60–70%) IgA
switching (Fig. 1 B and C). The hnRNP K and hnRNP L siRNAs
effectively depleted their target mRNAs, and the protein ex-
pression was significantly reduced (Fig. 1 C and D). However, no
adverse effects on cell survival or proliferation were observed
over the 48-h treatment period (Fig. S1 A and B). In contrast, the
knockdown of hnRNP Q, hnRNP M, or hnRNP C had no effect
on CSR (Fig. 1 A–C), suggesting that hnRNP K and hnRNP L
are specifically required in AID’s function. We also confirmed
that hnRNP K and hnRNP L knockdown did not alter the ex-
pression of the germline transcripts μGLT and αGLT or of AID,
all of which are essential for CSR (Fig. 1E). This finding ex-
cluded the involvement of hnRNP K and hnRNP L in the
transcriptional regulation of known CSR-associated genes.
These results suggest that both hnRNP K and hnRNP L are
directly required for CSR.

Generation of Cells Defective in hnRNP K and hnRNP L Expression. To
demonstrate unequivocally that hnRNP K and hnRNP L are
required for CSR, we used clustered regularly interspaced short
palindromic repeats (CRISPR)/CRISPR-associated protein 9
(Cas9) technology (35) in CH12F3-2A cells and generated
hnRNP K- and hnRNP L-expression–defective clones, K2-20
and L11, respectively (see Materials and Methods and Fig. S2 for
details). Although both alleles were disrupted, a truncated
hnRNP K transcript was expressed in the K2-20 clone, which was
depleted further by hnRNP K siRNA (Fig. S2D). In the L11

clone only one of the hnRNP L alleles was disrupted, but com-
plete depletion of hnRNP L protein was achieved by introducing
sihnRNP L (Fig. S2F). Because treatment of K2-20 and L11 cells
with the respective siRNAs resulted in drastic inhibition of CSR
(Fig. S2 D and G), this combined blocking system was used in
most of the subsequent experiments.

Depletion of hnRNP K but Not of hnRNP L Reduces SHM. To de-
termine whether CSR inhibition mediated by hnRNP K or
hnRNP L deficiency is caused by defective AID-induced DNA
breaks, we first examined the postbreak mutation signature in
the Sμ regions of K2-20 and L11 cells treated with the hnRNP K
and hnRNP L siRNA, respectively. Because the flanking regions
of the core Sμ sequence are frequent targets of AID-induced
DNA breaks, we sequenced a 676-bp sequence immediately up-
stream of the core Sμ sequence (Fig. 2A and Fig. S3 A and B). We
observed reduction of mutation frequency in hnRNP K-depleted
cells but not in hnRNP L-depleted cells, suggesting that the DNA
cleavage step may be dependent specifically on hnRNP K.
Next, we asked whether AID-induced SHM also is dependent

on hnRNP K. The SHM-proficient BL2 cell line expressing a
C-terminal AID deletion mutant fused to the estrogen receptor
(JP8Bdel-ER) induces SHM at a high frequency upon tamoxifen
(4-OHT)-mediated activation (36). Therefore, we examined the
SHM frequency in the V(D)J region of the Ig heavy-chain (IgH)
locus in BL2-JP8Bdel-ER cells after either hnRNP K or hnRNP

Fig. 1. Knockdown of hnRNP K or hnRNP L inhibits CSR. (A) Structure of ACF
and selected hnRNPs. (B) FACS profiles of IgA switching in CH12F3-2A cells
transfected with the indicated hnRNP and control siRNAs. (C) Quantitative
RT-PCR (qRT-PCR) analysis of hnRNP mRNA expression and CSR assay results
from three independent experiments, as shown in B. The error bars repre-
sent the SD; (+) and (−) represent the present and absence of CIT stimula-
tion. (D) Western blot analysis showing the knockdown efficiency of hnRNP
K and hnRNP L. (E) qRT-PCR analysis of μGLT, αGLT, and AID transcripts.
Values in C and E represent the mean of three independent experiments.
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L knockdown. As expected, a significant reduction (P < 0.05) in
AID-induced mutations was observed upon hnRNP K depletion
(Fig. 2B and Fig. S3C), and the mutation frequency was even
higher (P < 0.01) in the hnRNP L-depleted cells. The siRNA-
mediated depletion of both hnRNP mRNAs was very efficient
and correlated well with the reduced protein expression level
(Fig. 2C). The numbers of both mutated clones and mutations
per clone decreased in hnRNP K-depleted cells but increased in
hnRNP L-depleted cells compared with the control BL2 cells
(Fig. 2D). There was no bias in the SHM distribution profile in
the rearranged V region, regardless of SHM reduction or aug-
mentation by depleting hnRNP K or hnRNP L (Fig. 2E). These
results indicate that hnRNP K, but not hnRNP L, is required for
the DNA cleavage involved in SHM.

hnRNP K, but Not L, Is Required for AID-Induced DNA Breaks. To
examine the requirement for hnRNP K in S-region DNA cleavage
directly, we performed the histone gamma-H2AX (γH2AX) ChIP
assay, which detects DSB-induced γH2AX focus formation at DNA
regions flanking DSBs (37, 38). The depletion of hnRNP K, but not
of hnRNP L, significantly reduced the γH2AX signal in the Iμ, Sμ,
and Sα sequences (Fig. 3A and Fig. S4A).
We also performed a semiquantitative detection of DNA

cleavage by the direct labeling of DSB ends with biotin-dUTP,
followed by pull-down of the biotinylated DNA fragments and
target-site–specific PCR. The Sμ region-specific signal was re-
duced in hnRNP K-depleted cells compared with the control and
hnRNP L-depleted cells (Fig. 3B and Fig. S4B). Regardless of
hnRNP depletion, no background signal was detected at two

control loci, β2M and Sγ, which were transcriptionally active and
inactive, respectively, in the CIT-treated CH12F3-2A cells.
To confirm further the requirement of hnRNP K for DSB

formation at the S region, we used a ligation-mediated (LM)-
PCR assay, which amplifies DSB ends ligated to a linker, fol-
lowed by Southern blot analysis using Sμ-specific probes (Fig. 3C
and Fig. S4B). To convert overhanging ends to blunt ends, the
isolated DNA samples were treated with T4 polymerase. We
found that hnRNP K-depleted CH2F3-2A cells exhibited greatly
reduced LM-PCR–generated DSB signals in either the presence
or absence of T4 polymerase. In contrast, hnRNP L-depleted cells
displayed LM-PCR signals comparable to the level in WT cells.
Next, we examined whether changes in DNA cleavage fre-

quency correlated with changes in Sμ–Sα or Eμ–Eα synapse
formation, using the chromosome conformation capture (3C)
assay (12, 39), which measures the relative cross-linking fre-
quency of two distantly located loci (Fig. 3D and Fig. S4B).

Fig. 2. Depletion of hnRNP K, but not of hnRNP L, impairs the generation of
mutations in the S and V regions. (A) Sequenced region of 5′ Sμ and the total
mutational frequency in the K2-20 and L11 clones treated with siRNAs tar-
geting hnRNP K and L, respectively. (B) Mutation analysis of the V region
(V4-39/JH5) in BL2-JP8Bdel-ER cells treated with the indicated siRNAs.
(C, Upper) qRT-PCR of hnRNP K and hnRNP L mRNA expression in the BL2-
JP8Bdel-ER knockdown cells. (Lower) Corresponding Western blot analysis.
(D) Pie charts depicting the proportion of clones that contained the in-
dicated number of mutations. The total number of clones sequenced is in-
dicated at the center. (E) Diagram representing the rearranged IgH V region.
Primers used for sequencing the region are indicated above the scheme
(arrows). The distribution of mutations is represented as the percentage of
mutated bases per 50 bp sequenced. C1, CDR1; C2, CDR2; C3, CDR3; L, leader.

Fig. 3. AID-induced DNA breakage is dependent on hnRNP K but not on
hnRNP L. (A) DNA DSB determination by γH2AX ChIP assay using hnRNP K- or
L-depleted CH12F3-2A cells. The presence or absence of CIT stimulation is
indicated by (+) or (−), respectively. SD values were derived from three in-
dependent experiments. (B) Biotin-dUTP–labeled DNA break assay. PCR
analysis of the S regions (Sμ and Sγ) and β2 microglobulin (β2M, control) in
the K2-20 and L11 lines transfected with the indicated siRNAs. (C) LM-PCR–
based DNA break assay using T4 polymerase-treated (T4+) and -untreated
(T4−) DNA samples. A Southern blot analysis using an Sμ probe and the
semiquantitative PCR analysis of GAPDH mRNA expression (control) are
shown. DNA template samples were analyzed at threefold increasing DNA
concentrations. (D, Left) Schematic view of the long-range interactions oc-
curring at the IgH locus during CIT-induced IgA switching in CH12F3-2A cells,
which brings Sμ and Sα into close proximity. (Right) 3C PCR analysis is shown
under four different conditions, as indicated. Each PCR panel represents a
pair of long-range interactions at the IgH locus (indicated at left). GAPDH
PCR analysis of the cross-linked DNA sample served as a loading control.
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Although the interaction between Eμ and Eα was slightly en-
hanced by CIT stimulation, it was not reduced by the depletion of
either hnRNP K or hnRNP L. However, the association between
Sμ and Sα was reduced dramatically when hnRNP K, but not
hnRNP L, was depleted. The same phenomenon was observed
when the association between Eμ and Sα was examined, con-
firming that synapse formation at both Sμ–Sα and Eμ–Sα was
disrupted by depletion of hnRNP K but not hnRNP L (Fig. 3D).
Notably, the efficiency of synapse formation was elevated by
hnRNP L depletion, which also correlated with the elevated
γH2AX signal in the absence of hnRNP L (Fig. 3A). It is possible
that hnRNP L is involved in the end-joining step after synapse
formation between the cleaved ends. If so, the lack of end repair
may prolong synapsis and the processing of DSBs in the absence
of hnRNP L. Thus, four independent lines of evidence support the
conclusion that AID-induced DNA cleavage requires hnRNP K
but not hnRNP L.

KH Domains of hnRNP K Are Required for Its Function in CSR. The KH
domains of hnRNP K are known to be responsible for its RNA-
binding activity (30, 40). To evaluate the importance of these
domains in CSR, we constructed KH3-domain–deleted hnRNP
mutants (Fig. 4A). The mutant and WT constructs were modified
so that they were resistant to the hnRNP K-targeted siRNA and
were tagged at the C terminus with the c-Myc-FLAG epitope.
We next examined their CSR complementation efficiencies in
K2-20 cells treated with hnRNP K siRNA. The introduction of
WT hnRNP K (wt-KR, where “R” denotes resistance to siRNA-
mediated degradation) successfully rescued the effect of hnRNP
K depletion on IgA switching (Fig. 4 B and C), whereas the KH3-
domain–deleted mutant showed less CSR rescue than WT
hnRNP K. We confirmed the protein expression level of each of
the constructs when the endogenous hnRNP K was depleted
(Fig. 4D and Fig. S5D).
The CSR rescue abilities of the other hnRNP K KH-domain

mutants also were examined in CH12F3-2A cells after siRNA-
mediated knockdown of endogenous hnRNP K (Fig. S5). The
results showed that none of the KH-domain–deleted mutants
could rescue CSR completely, indicating that the full CSR ac-
tivity of hnRNP K requires the presence of all the KH domains.
However, the presence of a single KH domain was sufficient for
partial CSR rescue. To verify further the importance of KH
domains in AID-induced DNA break, we examined the ability of
wt-KR and the mutant with KH3-domain deletion (ΔKH3R) to
complement DNA breaks (Fig. 4E). As expected, cotransfection
of wt-KR significantly counteracted the sihnRNP K-mediated
reduction of the S region DNA break and elevated the DNA-
break signal close to the WT level. In contrast, introduction of
mutant ΔKH3R barely counteracted the inhibition of DNA
breaking caused by hnRNP K depletion. Taking these findings
together, we conclude that KH-type RRM domains of hnRNP K
are critical to AID’s function in DNA breaking, an indispensable
and early step for both SHM and CSR.

Atypical RRM Domains of hnRNP L Are Required for Its Function in
CSR.Next, we used a similar approach to determine the structural
requirements of hnRNP L for CSR. As shown above, the in-
troduction of hnRNP L siRNA into L11 cells strongly inhibits
CSR. The introduction of a construct expressing siRNA-resistant
c-myc-FLAG–tagged WT hnRNP L (wt-LR) into the hnRNP
L-depleted cells complemented the CSR defect very efficiently,
especially at 48 h after transfection (Fig. 5 A and B). Then con-
structs expressing siRNA-resistant hnRNP L mutants with various
RRM-domain deletions (Fig. 5C) were prepared, and their pro-
tein expression levels were confirmed (Fig. 5E). Mutants lacking
any one of the RRM domains were partially defective in the CSR
rescue function (Fig. 5D), and the mutant devoid of all four
RRMs (Δall-LR) lost all CSR-rescue ability. These finding sug-
gest that an RNA-dependent activity is involved in hnRNP L’s
CSR activity and show that the presence of only a single RRM
domain in hnRNP L supports partial CSR recovery.

RNA-Dependent Interactions of hnRNP K and hnRNP L with AID. We
hypothesized that AID may form specific complex(es) with
hnRNP K and hnRNP L, analogous to the APOBEC1–A1CF–
RNA complex (23, 41, 42). Given that AID’s function appears to
be dependent on the RNA-binding domains of hnRNP K and L,
it is likely that the AID–hnRNP complex contains specific target
RNA and plays an important role in RNA-substrate recognition.
To examine interactions among AID, hnRNP, and RNA, we
used the PAR-CLIP (photoactivatable ribonucleoside-enhanced
cross-linking and immunoprecipitation) technology, which de-
tects stable RNA–protein complexes formed by UV cross-linking
of 4-thio uracil (4-SU)–labeled RNA and its associated proteins
(43). To allow pull-down of the cross-linked RNP complexes with
the anti-FLAG antibody, we generated constructs for expressing
C-terminal Flag-tagged AID (Fig. 6A). The PAR-CLIP assay was
performed using HEK293T cells expressing FLAG-tagged WT
AID or mutant forms of AID containing C- or N-terminal de-
letions. All the constructs expressed well, and AID was immu-
noprecipitated quite efficiently (Fig. 6B). Both hnRNP K and L
were easily detected in association with WT AID and with the
C-terminally defective AID mutants (P20 and JP8Bdel). However,
little binding of the hnRNPs was detected in association with the
N-terminally truncated loss-of-function mutants, suggesting that
the N terminus plays a crucial role in the formation of the

Fig. 4. Requirement for the RNA-binding domains of hnRNP K for CSR.
(A) Representation of the siRNA-resistant and epitope (c-Myc-FLAG)-tagged
hnRNP K constructs. WT and KH3-deleted hnRNP K are designated as hnRNP
KR and ΔKH3 KR, respectively. (B) CSR complementation assay performed by
cotransfecting K2-20 cells with KR constructs and hnRNP K siRNA. The per-
centages of IgA-switched cells are indicated in the FACS profiles. (C) Effi-
ciency of CSR rescue calculated from three independent experiments.
(D, Upper) Western blot (WB) analysis shows the protein expression of the
indicated KR constructs in K2-20 cells. (Lower) RT-PCR analysis of hnRNP K
mRNA expression using primers M4 and M5 (Fig. S2C). (E) Southern blot
analysis of LM-PCR–based DNA break assay using T4 polymerase-treated (T4+)
DNA samples as in Fig. 3. K-20 cells were cotransfected with the indicated
siRNAs and the hnRNP K-expressing constructs resistant to sihnRNP K-medi-
ated degradation. After 24 h of transfection, cells were stimulated with CIT
and were harvested for DNA break assay 24 h later.
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AID–hnRNP complex (Fig. 6B). In addition, RNase treat-
ment completely abolished the interactions between AID and
hnRNP K or hnRNP L, showing that these interactions are
completely RNA dependent (Fig. 6C). We also examined the
expression of various hnRNP proteins in B cells and found
that none of them were induced upon CIT stimulation (Fig.
S6), suggesting that the induction of AID expression may lead
to the formation of specific RNP–cofactor complexes.

Discussion
Here we investigated the role of the A1CF-like hnRNP proteins
in AID-mediated CSR and SHM. We found that two hnRNPs, K
and L, exhibited differential regulatory effects on the two genetic
events. HnRNP K deficiency reduced both CSR and SHM,
whereas the absence of hnRNP L blocked only CSR without
perturbing SHM at either the V or S region. Two independent
methods of estimating DNA breakage (biotin-dUTP end labeling
and LM-PCR), as well as the evaluation of γH2AX accumulation
and break-end synapse formation at S regions, confirmed that
hnRNP K is required for the formation of AID-dependent
DNA breaks, resulting in the loss of CSR and SHM in hnRNP

K-deficient cells. In contrast, hnRNP L depletion led to enhanced,
rather than reduced, γ-H2AX accumulation and to increased S–S
synapse formation. Thus, hnRNP K appears to function as an AID
cofactor during the formation of DNA breaks, which are required
for both CSR and SHM, whereas hnRNP L is involved primarily in
regulating the recombination step of CSR.
Analysis of the role of the RNA-binding motifs in hnRNP K

and L indicated that all the motifs are required for full CSR ac-
tivity, suggesting that CSR/SHM regulation by hnRNP cofactors
involves an RNA-dependent interaction with AID. Consistent
with this theory, we also found that the interaction of AID and its
hnRNP cofactors is susceptible to RNase-induced dissociation.
Furthermore, the N terminus of AID appears to play a critical
role in the interactions, because an N-terminal truncated loss-of-
function form of AID loses its ability to bind the hnRNPs.
Recently, hnRNP Q6 was identified as an APOBEC1-inter-

acting protein that is required for APOBEC1’s association with
IL-8 mRNA (44). In that study, the complex was involved in IL-8
mRNA stabilization by an as yet unknown mechanism, suggesting
that the APOBEC1–hnRNP Q6 complex may have a novel
function associated with RNA processing rather than with C-to-U
editing. More recently, mice lacking RBM47, an RNA-binding
protein with three RRMs, were shown to be defective in APO
B-100 editing mediated by APOBEC1 (45). These findings
suggest that APOBEC1 RNA-editing complexes may comprise
multiple RNA-binding or hnRNP cofactors that are involved in
APO B-100 editing. Therefore, similar to APOBEC1, which
forms a dimer in the APOBEC1–A1CF RNA editing complex
(46), AID may form cofactor-specific RNP complexes to me-
diate its DNA cleavage and recombination functions. In addi-
tion, we cannot exclude the possibility that other hnRNP/RNA-
binding proteins also are required for the editosome formation
and AID’s function.

Fig. 5. The RNA-binding domains of hnRNP L are required for CSR. (A) CSR
complementation assay performed by cotransfecting L11 cells with the siRNA-
resistant WT hnRNP L construct (wt-LR) and hnRNP L siRNA. The percentages
of IgA switched cells are indicated in the FACS profiles. (B) CSR rescue effi-
ciencies from three independent experiments. A representative Western blot
analysis shows the degradation of endogenous but not exogenous hnRNP
L (wt-LR). (C) Representation of the various hnRNP mutants used in CSR
complementation experiments. (The “Δ” with numbers indicates the specific
RRM domain deleted.) (D) Summary of CSR rescue efficiencies of the hnRNP
L mutants from three independent experiments. (E) Western blot analysis
shows the protein expression associated with each of the LR constructs.

Fig. 6. RNA-dependent interactions of AID with hnRNP K and L. (A) Sche-
matic view of the 3xFLAG-tagged WT AID and C- or N-terminal deletion mu-
tants expressed in HEK293T cells and used in the PAR-CLIP assay. (B) Western
blot analysis of the anti-Flag immunoprecipitations from 293T cells expressing
WT or mutant FLAG-tagged AID and treated with 4-SU. The results show the
association of the various forms of AID with hnRNP K and L and that the AID N
terminus is required for their association. (C) RNase treatment of the cell ly-
sates prevents AID association with hnRNPs. Neither hnRNP K nor hnRNP L
coprecipitated with AID if the cell lysates were pretreated with RNase. (D) AID
in association with an hnRNP (K or L) complex may edit specific RNAs and
regulate DNA cleavage and recombination steps independently.
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In conclusion, we postulate that AID may use specific hnRNPs
as A1CF-like cofactors to mediate its various RNA-dependent
functions. We favor the idea that the AID complex containing
hnRNP K may be involved in modulating topoisomerase 1 levels,
possibly through miRNA modification, resulting in the DNA
cleavage associated with SHM and CSR (Fig. 6D) (47, 48). The
recombination-specific editing complex comprising AID and
hnRNP L may support the CSR recombination step (Fig. 6D),
including the process of end-joining, through mRNA modifica-
tion, followed by the formation of a new protein.

Materials and Methods
CH12F3–2A cells expressing Bcl2 and BL2 (human Burkitt’s lymphoma) cells
were cultured in RPMI medium 1640 (Invitrogen) supplemented with 10%

(vol/vol) FBS and penicillin-streptomycin. HEK 293T cells were cultured in
DMEM (Invitrogen) supplemented with 10% (vol/vol) FBS.

Detailed materials and methods (CSR assay, siRNA oligonucleotide
transfection, SHM analyses, ChIP assay, DNA break assays, 3C assay, and AID
immunoprecipitation) are described in SI Materials and Methods. Primers
and siRNAs, siRNA oligos, antibodies, and constructs are listed in Tables S1–
S4, respectively.
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CRISPR/Cas9-Mediated Gene Disruption. To design the guide RNAs
(gRNAs) for hnRNP gene targeting, a software tool (crispr.
genome-engineering.org) predicting unique target sites through-
out the mouse genome was used. Three targeting sites were se-
lected in each of the genes encoding hnRNP K and hnRNP L.
Paired oligonucleotides designed for each target site (Table S1)
were annealed and cloned into the linearized GeneArt CRISPR
Nuclease CD4 Reporter Vector (Invitrogen). The three targeting
constructs were mixed at a 1:1 ratio, a total of 3 μg was transfected
into CH12F3-2A cells, and the CD4+ cells were sorted 48 h later.
The CD4+ cells were subjected to serial dilutions and cultured for
7 d to obtain single clones. For each targeting experiment,
90 clones were selected for screening by genomic DNA analysis,
protein expression, and CSR assay. The clones containing defects
in the hnRNP K and hnRNP L genes were designated “K2-20”
and “L11,” respectively.

hnRNP K, hnRNP L, and AID Constructs. To generate hnRNP
K/hnRNP L–cMyc–FLAG fusion constructs, mouse hnRNP K
(NM_025279.1) and hnRNP L (NM_177301.5) were amplified by
RT-PCR and cloned into the EcoRI and XhoI sites of the pCMV6-
Entry vector (Origene). Additionally, the hnRNP K–cMyc–FLAG
fragment was amplified and inserted into the NheI and KpnI sites
of the pcDNA3.1-Zeo vector (Invitrogen). To generate siRNA-
resistant constructs, the siRNA-targeting sequences in hnRNP K/L
were modified (Table S1). We also generated C-terminal 3xFLAG
fusion constructs of AID and its N/C-terminal mutants; the coding
sequence of human AID (NM_020661.2) was amplified by RT-
PCR and cloned into the EcoRI and ClaI sites of the 3xFLAG
(C-terminal)-pCMV vector (Sigma).

CSR Assay and siRNA Oligonucleotide Transfection.CH12F3-2A cells
and their derivatives, the K2-20 and L11 clones, were stimulated
by CIT to induce class switching as previously described (1, 2).
Electroporation (Amaxa) was used to introduce siRNA oligo-
nucleotides (Invitrogen) (Table S2) into the cells. The trans-
fected cells were cultured for 24 h before the addition of CIT
and were subjected to FACS analysis after 24 h of CIT stimu-
lation. FITC-conjugated anti-IgM (eBioscience) and phycoery-
thrin (PE)-conjugated anti-IgA (Southern Biotech) antibodies
were used for surface IgM and IgA staining, respectively.
To perform CSR complementation assays for hnRNP K,

siRNA-resistant, epitope (cMyc-FLAG)-tagged WT or mutant
hnRNP K constructs were cotransfected with the hnRNP K
siRNA into K2-20 or CH12F3-2A cells. IgA switching efficiency
was monitored 24 h after CIT stimulation. Similar CSR rescue
experiments were conducted by cotransfecting L11 cells with
siRNA-resistant hnRNP L constructs and hnRNP L siRNA.

Cell Death and Proliferation Assay. Cells were stimulated with CIT
24 h after transfection with sihnRNP K or sihnRNP L. Twenty-
four hours after stimulation, cell viability was determined by
propidium iodide (PI) exclusion and FACS analysis. The cell
proliferation assay was performed as described previously for
CH12F3-2A cells (3, 4). Carboxyfluorescein succinimidyl ester
(CFSE; Invitrogen), which labels long-lived intracellular mole-
cules with the fluorescent dye, along with the standard cell
counting, was used to monitor the cell proliferation status.
Twenty-four hours after siRNA transfections, cells were labeled
with CFSE (5 μM) for 15 min at 37 °C. Portions of cells were
treated separately with Aphidicolin (2 μg/mL), a well-known

inhibitor of cell-cycle progression, which served as a positive
control for proliferation arrest. Cells then were stimulated with
CIT, and FACS analysis and CFSE monitoring were done 48 h
after stimulation.

SHM Analyses.
S region SHM.K2-20 or L11 cells were transfected with hnRNPK or
L siRNA oligonucleotides 24 h before CIT stimulation for 48 h.
The IgA+ cells were sorted, followed by purification of genomic
DNA. A 676-bp region located 5′ of the core Sμ region was PCR-
amplified using high-fidelity PrimeSTAR DNA polymerase
(Takara) with the following amplification conditions: 98 °C for
5 min, 30 cycles at 98 °C for 10 s, 58 °C for 8 s, and 72 °C for
1 min (5). The PCR product was cloned into a Zero Blunt vector
(Invitrogen) for sequencing, and the subsequent mutational
analysis was performed using Sequencher DNA software. For
each set of reactions, 96 or more clones were sequenced bi-
directionally, and only the unique mutations were counted.
V region SHM. BL2-JP8BdelER cells (6, 7) were stimulated with
OHT for 24 h after siRNA introduction and were incubated for
an additional 48 h in the absence of OHT. The genomic DNA
was purified by phenol/chloroform extraction, and PCR was
performed using PrimeSTAR DNA polymerase (TaKaRa) with
the following amplification conditions: 98 °C for 5 min, 30 cycles
at 98 °C for 10 s, 58 °C for 8 s, and 72 °C for 1 min. The purified
PCR fragments were cloned and sequenced as described above.
Only the unique mutations were counted, and the mutation
frequency was calculated from the number of mutations identi-
fied per total bases analyzed. The relevant PCR primers are
listed in Table S1.

ChIP Assay. The ChIP assay was performed using the ChIP-IT
Express Kit (Active Motif) according to the manufacturer’s in-
structions. In brief, 5 × 106 cells were fixed in the presence of 1%
formaldehyde for 5 min at room temperature. The reaction was
stopped by the addition of 0.125 M glycine. A soluble chromatin
fraction containing fragmented DNA of 500–2,000 bp was ob-
tained after cell lysis and sonication. ChIP was performed by
incubating the cleared lysate with 2–3 μg of anti-γH2AX anti-
body. The immunoprecipitated DNA was analyzed by real-time
PCR, and the data were normalized first to the amount of input
and then to the maximum value in each dataset, as described
previously (2).

DNA Break Assays.
Biotin-dUTP end labeling of DNA break ends. K2-20 or L11 cells were
transfected with gene-specific siRNAs, incubated for 24 h, and
then stimulated with CIT. After 24 h the switching efficiency was
monitored by surface IgA staining. The live cells were collected by
Percoll gradient and fixed at room temperature, and then the
nuclei were permeabilized and subjected to biotin-16-dUTP in-
corporation at the DSBs with T4 polymerase DNA polymerase
(Takara). The genomic DNA was isolated by phenol/chloroform
extraction and subjected to HindIII digestion overnight. The
biotinylated fragments were captured with streptavidin magnetic
beads and analyzed by PCR as described previously (8). The pri-
mers for amplifying Sμ, Sγ1, and β2M loci are listed in Table S1.
LM-PCR.The cells were stimulated for CSR as described above, and
the live cells were embedded in low-melt agarose plugs and
processed for linker ligation as described previously (9). The
samples were treated with T4 polymerase (Takara) before linker
ligation, and the ligated DNA was subjected to GAPDH DNA
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PCR analysis to adjust DNA input before LM-PCR. Threefold
dilutions of input DNA were amplified by KOD-FX-Neo poly-
merase (Toyobo). The PCR products were electrophoresed on
1% agarose gels and validated by Southern blot using a 5′ Sμ
probe (9, 10). The primers and probe sequences are shown in
Table S1.

3C Assay. The 3C assay using CH12F3-2A cells was described
previously (11) and was adopted from the procedure described
by Wuerffel et al. (12). In brief, 7 × 106 cells were washed with
PBS and subjected to 1% formaldehyde cross-linking for 5 min
at room temperature. The nuclear lysate was prepared using
500 μL of lysis buffer following the instructions in the Active
Motif ChIP Kit manual. The cross-linked chromatin was digested
with HindIII overnight and then ligated with T4 polymerase DNA
ligase (Takara). The ligated chromatin was treated with pro-
teinase K and reverse cross-linked, and then the DNA was puri-
fied by phenol/chloroform extraction. PCRs were performed as
described previously (9). The PCR primers are listed in Table S1.

RT-PCR Analysis. Total RNA was extracted from CH12F3–2A cells
expressing Bcl2 or BL2 cells using TRIzol (Gibco BRL). The
cDNA was synthesized using SuperScript II and an oligo d(T)
primer, followed by real-time PCR using the SYBR Green
Master Mix (Applied Biosystems) and mRNA-specific primers
(Table S1).

AID Immunoprecipitation. The 293T cells (1.5 × 106) were tran-
siently transfected with 8 μg of the 3xFLAG-tagged human AID
construct and were incubated for 34 h in medium supplemented
with 100 mM 4-SU. The live cells were irradiated with 365 nm
UV light 14 h later (13) and then were lysed in 200 μL of RNA-
binding protein immunoprecipitation (RIP) lysis buffer (Milli-
pore), followed by treatment with RNase A and T1 (Ambion).
The FLAG-tagged proteins in 50 μL of lysate were immuno-
precipitated with 5 μg of anti-FLAG antibody (Sigma) bound to
protein G Dynabeads. The beads were washed and resuspended in
RIP wash buffer (Millipore), and the protein–RNA complexes
were eluted with a 0.2-M glycine solution.

Analysis of hnRNP K- and hnRNP L-Expression–Defective Clones. We
used the CRISPR/Cas9 system to generate hnRNP K- and
hnRNP L-null CH12F3-2A cell lines. As depicted in Fig. S2A,
exons 4–6 (arrowheads) of the hnRNP K gene were targeted
simultaneously. The genomic DNA, which was extracted from
several targeted clones, was subjected to PCR-based screening to
identify clones with the designed deletions. PCR analysis of

clone K-2, using primers G1 and G2, resulted in 1.4- and 1.2-kb
products, representing the WT and disrupted alleles, respectively
(Fig. S2 A and B). Sequencing of the smaller product confirmed
that a 168-bp sequence encompassing the initiation codon was
deleted in exon 4. The K-2 clone was subjected to another round
of CRISPR/Cas9-mediated gene deletion to obtain CH12F3-2A
cell lines with a homozygous hnRNP K knockout. Among the 82
candidate clones obtained, a single clone, K2-20, which lost the
1.4-kb WT band, was identified. Genomic DNA sequencing of
K2-20 showed a 290-bp deletion in exon 4 in the other allele
(Fig. S2B, Lower).
Western blot analysis showed no detectable hnRNP K expres-

sion in clone K2-20, compared with the parental K2 clone or WT
cells (Fig. S2B, Right). However, the anti-hnRNP K antibody used
in this experiment was specific to the N terminus of hnRNP K and
thus may not have detected N-terminally truncated products ex-
pressed from the disrupted allele. Therefore we examined hnRNP
K transcripts from clone K2-20 by RT-PCR using the M1–M5
primers and detected a C-terminal–specific product (169 bp) with
the M4–M5 primer pair (Fig. S2C). As expected, the M1–M3
primer pair did not yield a 240-bp RT-PCR product specific to the
N terminus in the K2-20 clone, although both the 169-bp and
240-bp products were easily detectable in WT cells (Fig. S2C).
Thus, we concluded that the K2-20 clone expresses an N-termi-
nal–truncated form of hnRNP K from one allele, which resulted
in a compromised level of CSR (Fig. S2D). To deplete the re-
maining hnRNP K transcripts, we introduced an siRNA targeted
to the KH3 region (located at the C terminus) of the hnRNP K
gene into K2-20 cells and thereby reduced CSR drastically.
The hnRNP L alleles were disrupted using a strategy similar to

the one described above (Fig. S2E). The first round of CRISPR/
Cas9-mediated gene disruption produced clone L11 that con-
tained a 2,834-bp deletion spanning exons 2–3 in one hnRNP L
allele (Fig. S2F). We therefore performed a second round of
CRISPR/Cas9-mediated disruption, targeting the other hnRNP
allele in L11 cells; however, all the isolated clones expressed
levels of hnRNP L protein similar to that of the parental clone.
We thus introduced an siRNA targeted to hnRNP L into the L11
cells and observed almost complete depletion of the hnRNP L
protein (Fig. S2F). Because treatment of K2-20 and L11 cells
with hnRNP K and L siRNAs, respectively, resulted in drastic
inhibition of CSR (Fig. S2 D and G), this combined blocking
system was used in most of the experiments. We speculated that
hnRNP K and L may be essential for cell viability. Consistent
with this theory, the embryonic lethality of A1CF-KO mice has
been reported (14).
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Fig. S1. Cell viability and proliferation are not affected by transient knockdown of hnRNP K or hnRNP L. (A) FACS profile of PI-stained cells 48 h after transfection.
Percentages of PI+ and PI− cells are indicated. (B) Histograms show triplicate experiments using PI− cells derived from various siRNA samples as indicated. (C) Cell
proliferation after siRNA transfection was measured by FACS analysis of CFSE dilution at 48 h after CIT stimulation. The profile of Aphidicolin-treated cells rep-
resents the cell proliferation arrest status (the positive control for the CFSE assay). These results are representative of three independent experiments.
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Fig. S2. Generation of hnRNP K- and hnRNP L-defective CH12F3-2A cells by CRISPR/Cas9-mediated gene disruption. (A) Schematic of Cas9/gRNA-targeting sites
in the hnRNP K genomic locus. Black and white rectangles represent coding and noncoding exons, respectively. The black and white arrowheads above the
exons indicate the positions of Cas9/gRNA targeting; the black arrowhead indicates the exon most effectively targeted. The arrows below the scheme show
the positions of the PCR primers G1 and G2 used in B. (B, Upper) PCR and Western blot analyses of K2 and K2-20 clones. (Lower) Schematic representation of
the deleted regions in the hnRNP K alleles in the K2-20 clone. (C, Lower) RT-PCR analysis of hnRNP K mRNA expression in WT cells and hnRNP K-defective
clones. (Upper) Arrows below the scheme of the hnRNP K gene indicate the positions of PCR primers (M1–M5). (D) IgA switching efficiency of clone K2-20 after

Legend continued on following page
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the introduction of control and hnRNP K siRNAs. (E) Structure of the mouse hnRNP L locus showing the Cas9/gRNA-targeted regions; black arrowheads indicate
the most effectively targeted exons. PCR primers G3 and G4 are shown below. (F, Upper) PCR and Western blot analyses of the hnRNP L-targeted clone, L11,
with or without sihnRNP L knockdown. (Lower) Schematic representation of the deleted region in one of the hnRNP L alleles in L11. (G) IgA switching efficiency
in L11 cells treated with hnRNP L siRNA.

Fig. S3. Summary of SHM analysis of the 5′ Su region in CH12F3-2A cells (A and B) and the rearranged V region in BL2-JP8BdelER cells (C). (See Fig. 2.)

Fig. S4. Experimental designs of the various DNA break assays and the 3C assay. Representative FACS profiles of the cells used in the CSR, DNA break, or 3C
assay. (See Fig. 3.)
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Fig. S5. The KH domains of hnRNP K are required for efficient CSR. (A–C) WT and mutant hnRNP K constructs (A) used for CSR rescue in CH12F3-2A cells transfected
with hnRNP K siRNA (B and C). The cells were treated with (+) or without (−) CIT for 24 h after cotransfection with hnRNP K siRNA and the indicated constructs. SD
values in C were calculated from three independent experiments. (D) Western blot analysis of the epitope-tagged hnRNP K constructs used. (See Fig. 4.)

Fig. S6. Expression analysis of hnRNP proteins in CH12F3-2A cells treated with or without CIT stimulation. (See Fig. 6.)
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Table S1. Primers and siRNAs

Purpose Nucleotide sequence

Gene-specific primers
Mouse

hnRNP K-F GCAAATGGCTTATGAACCACA
hnRNP K-R TTGTTTAATCCGCTGACCAC
hnRNP L-F CGCGCCAAGGCCTCACTCAA
hnRNP L-R GGGGCCCGTAGCCCTCATCA
hnRNP M-F TTGAGCCATATTCCAACCCA
hnRNP M-R GACTTTCCTTCAGCGTCCA
hnRNP Q-F GATCCTGAAGTTATGGCAAA
hnRNP Q-R TTCATTTCTTCCATAGCCTT

Transcript analysis
μGLT-F CTCTGGCCCTGCTTATTGTTG
μGLT-R AATGGTGCTGGGCAGGAAGT

Knockdown efficiency check (Figs. 1 and 2)
αGLT-F CCAGGCATGGTTGAGATAGAGATAG
αGLT-R GAGCTGGTGGGAGTGTCAGTG
mAID-F CGTGGTGAAGAGGAGAGATAGTG
mAID-R CAGTCTGAGATGTAGCGTAGGAA
18s-F TAGAGTGTTCAAAGCAGGCCC
18s-R CCAACAAAATAGAACCGCGGT
HPRT-F CTCGAAGTGTTGGATACAGG
HPRT-R TGGCCTATAGGCTCATAGTG

Human
hnRNP K-F GCAAATGGCTTATGAACCACA
hnRNP K-R TTGTTTAATCCGCTGACCAC
hnRNP L-F CGGGCCAAGGCCTCTCTCAA
hnRNP L-R GGGGCCCGTAGCCCTCATCA
18s-F TAGAGTGTTCAAAGCAGGCCC
18s-R CCAACAAAATAGAACCGCGGT

hnRNP-K–targeting oligo pairs
K_exon2_F CTTCTCACCAAATTCACCATGTTTT
K_exon2_R ATGGTGAATTTGGTGAGAAGCGGTG
K_exon3_F GCGCATTTTGCTTCAGAGCAGTTTT
K_exon3_R TGCTCTGAAGCAAAATGCGCCGGTG
K_exon4_F GTTTAATACTTACGTCTGTAGTTTT
K_exon4_R TACAGACGTAAGTATTAAACCGGTG

hnRNP-L–targeting oligo pairs
L_exon1_F GGGCAGCAGCCTCCGCGACAGTTTT
L_exon1_R TGTCGCGGAGGCTGCTGCCCCGGTG

CRISPR/Cas9 targeting in CH12 F3-2A (Fig. 4 and Fig. S2)
L_exon2_F CTTCCACTACTCCGTCAATCGTTTT
L_exon2_R GATTGACGGAGTAGTGGAAGCGGTG
L_exon3_F AAGCACGCTGTTTACGCTCCGTTTT
L_exon3_R GGAGCGTAAACAGCGTGCTTCGGTG

Targeted allele and transcript analysis
G1 GCTGGAAGCAGAATCCTTTTT
G2 TGGTTTGTAGCTAGTCAGTGATT
G3 CGGAGGCCCACTTCCATTTA
G4 ACAGATGGTGTAAAGAACATCCT
M1 GCGGCCTATTGGTGGATCCA
M2 CTTCAGTTCTTCACTAGTCTTAG
M3 GAGCCTTAATATTCTTGCCTCC
M4 GCAAATGGCTTATGAACCACA
M5 TTGTTTAATCCGCTGACCAC

5′ Sμ sequencing in CH12F3-2A in mouse B-cell line [SHM analysis
(Fig. 2)]
Sμ-F AATGGATACCTCAGTGGTTTTTAATGGTGG
Sμ-R GAACAGTCCAGTGTAGGCAGT

V region sequencing in BL2 human B-cell line
BL2-V-F ATCTCATGTGCAAGAAAATGAA
BL2-V-R AGTCCCACCACGCAATCAT

γH2AX ChIP
Iμ-F AAGGGCTTCTAAGCCAGTCC
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Table S1. Cont.

Purpose Nucleotide sequence

Iμ-R CACAACCATACATTCCCAGGT
Sμ-F CAATGTGGTTTAATGAATTTGAAGTTGCCA
Sμ-R TCTCACACTCACCTTGGATCTAAGCACTGT
Sα-F TGAAAAGACTTTGGATGAAATGTGAACCAA
Sα-R GATACTAGGTTGCATGGCTCCATTCACACA

Biotin-dUTP end labeling
Sμ-F AAGCTTGCTGAGCAAAATTAAGGGAACAAGG
Sμ-R GTCTACTTCATTTTGGCTCAAGCCCAGCTTT
Sγ1-F AGTGTGGGAACCCAGTCAAA
Sγ1-R GTACTCTCACCGGGATCAGC

DNA break assays (Fig. 3)
β2M-F GGTGACGACCTCCGGATCTG
β2M-R GCCGAGTAGCAGCCACTGAAA

LM-PCR
LMPCR.1 GCGGTGACCCGGGAGATCTGAATTC
LMPCR.2 GAATTCAGATC
5′ Sμ-F GCAGAAAATTTAGATAAAATGGATACCTCAGTGG
5′ Sμ-R LMPCR.1
5′ Sμ-probe DIG-AGGGACCCAGGCTAAGAAGGCAAT
GAPDH (forward) ATCCTGTAGGCCAGGTGATG
GAPDH (reverse) AGGCTCAAGGGCTTTTAAGG

3C assay
Eμ GGAACAATTCCACACAAAGACTC
Eα CAAGGTGTTAAGGAAAACTTGCTC

Synapsis by 3C
Sμ GCTGACATGGATTATGTGAGG
Sγ1 (Fig. 3) CGACACTGGGCAGTTCATTTTG
Sα GAGCTAGGCTAGACTTACTAAGC
GAPDH3c (forward) AGTAGTGCGTTCTGTAGATTCC
GAPDH3c (reverse) CAGTAGACTCCACGACATAC

hnRNP K NM_025279.1, bases 1334–1357
WT TCCCAAAGATTTGGCTGGATCTAT
Modified CCCGAAGGACCTAGCGGGCTCCAT

siRNA target site modification hnRNP L NM_177301.5, bases 939–963
WT CCTGGGAGATCATCCCGCAGAATAT
Modified GCTAGGTGACCACCCTGCGGAGTAC

Table S2. SiRNA oligos

siRNA oligo Catalog no. Nucleotide sequence

Human
hnRNP K HSS179311 UCCCAAAGAUUUGGCUGGAUCUAUU
hnRNP L HSS104917 GGAGCGUGAACAGUGUGCUUCUCUU

Mouse
hnRNP K MSS205172 UCCCAAAGAUUUGGCUGGAUCUAUU
hnRNP L MSS236779 CCUGGGAGAUCAUCCCGCAGAAUAU
hnRNP M MSS233822 GGCAGUCACUUAAAGACCUGGUUAA
HnRNP Q MSS226121 GCAAGCAGCAAAGAAUCAAAUGUAU
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Table S3. Antibodies

Antibody Company Catalog no.

hnRNP K(D-6) Santa Cruz sc-28380
hnRNP L(D-5) Santa Cruz sc-48391
hnRNP M1-4(1D8) Santa Cruz sc-20002
c-Myc(9E10) Santa Cruz sc-40
CD4-FITC(RPA-T4) eBioscience 11-0049
IgM-FITC eBioscience E00715-1631
IgA-PE Southern Biotech C2904-W100
FLAG Sigma F1804
mAID eBioscience K10211
Tubulin Calbiochem CP06
phospho-H2A.X(Ser139) Millipore 05-636

Table S4. Constructs

Construct name Description

pcDNA3.1-hnRNP K-cMyc-FLAG (wt-KR) WT mouse hnRNP K
pcDNA3.1-ΔKH3R-cMyc-FLAG KH3 deletion mutants
pCMV6-hnRNP K-cMyc-FLAGg WT mouse hnRNP K
pCMV6-ΔKH1R-cMyc-FLAG KH1 deletion mutants
pCMV6-ΔKH2R-cMycFLAG KH2 deletion mutants
pCMV6-ΔKH3R-cMyc-FLAG KH3 deletion mutants
pCMV6-KH1R-cMyc-FLAG KH2 and KH3 deletion mutants
pCMV6-KH2R-cMyc-FLAG KH1 and KH3 deletion mutants
pCMV6-KH3R-cMyc-FLAG KH1 and KH2 deletion mutants
pCMV6-hnRNP L-cMyc-FLAG (wt-LR) WT mouse hnRNP L
pCMV6-Δ12-LR-cMyc-FLAG Atypical RRM1 and aRRM2 deletion mutants
pCMV6-Δ34-LR-cMyc-FLAG Atypical RRM3 and aRRM4 deletion mutants
pCMV6-Δ234-LR-cMyc-FLAG Atypical RRM2, 3 and 4 deletion mutants
pCMV6-Δ123-LR-cMyc-FLAG Atypical RRM1, 2 and 3 deletion mutants
pCMV6-Δall-LR-cMyc-FLAG All atypical RRMs deletion mutants
pCMV-wtAID-3xFLAG WT human AID
pCMV-AID-ΔN20-3xFLAG 20-aa N-terminal deletion mutant
pCMV-AID-ΔN50-3xFLAG 50-aa N-terminal deletion mutant
pCMV-P20-3xFLAG 34-aa C-terminal insertion mutant (natural mutant)
pCMV-JP8Bdel-3xFLAG 16-aa C-terminal deletion mutant (natural mutant)
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