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Activation-induced cytidine deaminase (AID) is the key enzyme for
class switch recombination (CSR) and somatic hypermutation
(SHM) to generate antibody memory. Previously, heterogeneous
nuclear ribonucleoprotein K (hnRNP K) was shown to be required
for AID-dependent DNA breaks. Here, we defined the function of
major RNA-binding motifs of hnRNP K, GXXGs and RGGs in the
K-homology (KH) and the K-protein-interaction (KI) domains, re-
spectively. Mutation of GXXG, RGG, or both impaired CSR, SHM,
and cMydlgH translocation equally, showing that these motifs
were necessary for AlID-dependent DNA breaks. AID-hnRNP K in-
teraction is dependent on RNA; hence, mutation of these RNA-
binding motifs abolished the interaction with AID, as expected.
Some of the polypyrimidine sequence-carrying prototypical hnRNP
K-binding RNAs, which participate in DNA breaks or repair bound
to hnRNP K in a GXXG and RGG motif-dependent manner. Muta-
tion of the GXXG and RGG motifs decreased nuclear retention of
hnRNP K. Together with the previous finding that nuclear locali-
zation of AID is necessary for its function, lower nuclear retention
of these mutants may worsen their functional deficiency, which is
also caused by their decreased RNA-binding capacity. In summary,
hnRNP K contributed to AID-dependent DNA breaks with all of its
major RNA-binding motifs.
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Activation—induced cytidine deaminase (AID) is specifically
expressed in activated B lymphocytes and is responsible for
class switch recombination (CSR) and somatic hypermutation
(SHM) in the adaptive immune system (1). AID is a 198-amino-acid
protein consisting of an N-terminal domain necessary for the in-
duction of single strand breaks (SSBs) of DNA, a cytidine-
deaminase catalytic domain in the central region and a
C-terminal domain required for the DNA repair steps of CSR
(1-3). After AID activation, DNA breaks occur in both switch (S)
and variable (V) regions of immunoglobulin heavy chain (IgH)
genes followed by the different repair steps for SHM and CSR.
The error-prone polymerases repair the DNA break sites in V
regions for SHM (4), and for CSR the nonhomologous end-
joining repair pathway mainly works in two distant S regions.
CSR consists of a more complex combination of several steps,
including the processing of SSBs into double strand breaks (DSBs)
by several DNA end-processing enzymes, including APE1 and the
MRN complex (5), followed by AID-dependent DNA synapsis
formation and recombination to complete CSR (6).

However, there has been a long-standing debate regarding the
molecular mechanism of AID in SSBs in the V and S regions and
repair in the S regions (6). Because AID is the cytidine (C)-to-
uracil (U) converting enzyme, the question of which is the target
of AID—C in RNA or C in DNA—has not been resolved yet.
“DNA deamination by AID” hypothesis proposes that base ex-
cision repair or mismatch repair mechanism produces DNA
breaks (7). However, various mutants of AID showed that level
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of in vitro DNA deamination does not always correlate with the
frequencies of SHM and CSR in vivo, questioning the plausibility
of DNA deamination by AID (8). Alternatively, the “RNA
editing” hypothesis proposes that AID edits some putative
RNAs for DNA breaks and the other RNAs for DNA repair with
the help of the several cofactors (6). Our previous studies
showed that heterogeneous nuclear ribonucleoprotein (hnRNP)
K is necessary for both SHM and CSR, while hnRNP L, U, and
SERBP1 are specifically required for CSR (9, 10). This is further
supported by the evidence that AID distributes in two different
complexes in “light” and “heavy” fractions separated by ultra-
centrifuge (10). The “light” fraction contains hnRNP K and wild-
type (WT) or C-terminally mutated AID which can induce DNA
breaks. In contrast, the “heavy” fraction includes hnRNP L, U,
and SERBP1 functioning in DNA repair and wild-type AID
which can support DNA repair. Furthermore, C-terminus mu-
tants of AID do not dimerize and only localize to the “light”
fraction while wild-type AID dimerizes and localizes to both
“light” and “heavy” fractions, indicating that the two different
AlD—cofactor complexes support the two distinct AID’s func-
tions. Actually AID has been proved to edit RNA when it is
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encapsulated in the hepatitis B virus (11). Additionally, we
reported the other mechanism of DNA breaks, in which top-
oisomerase I (Topl) decrease by AID alters DNA helical
structure to the non-B form in both the repeat-rich S and V
regions and promotes DNA cleavage by Topl (12, 13). There-
fore, the function of AID will be more than DNA deamination.

hnRNP K is a member of the poly (C)-binding protein (PCBP)
family (14), which was originally purified from a hnRNP com-
plex. hnRNP K has been shown to be necessary for precursor
messenger RNA (pre-mRNA) metabolism (15-17). Addition-
ally, hnRNP K functions as the scaffold to organize the in-
teraction between nucleic acids and other protein partners,
regulating gene expression in different phases. For example,
through binding to the 3’ untranslated region (3’ UTR) with
other RNA-binding proteins, hnRNP K participates in stabilizing
mRNA (18) or controlling mRNA translation (19). It also as-
sociates with noncoding RNAs (ncRNAs) involved in gene
translation (20) or transcription (21). These revealed molecular
functions give the basis for that hnRNP K has several functions
in cell proliferation (22), DNA repair (23, 24), neuronal cell
development (25), and cancer progression (26). A recent study
revealed that diffuse large B-cell lymphoma patients with high
levels of hnRNP K expression show a poor outcome due to the
activation of the oncogene cMyc by hnRNP K (27), whereas
haploinsufficiency of hnRNP K also results in myeloid malig-
nancy caused by a decrease of C/EBPa (28), showing that both
lower and higher hnRNP K expression results in the deregulation
of the cell cycle by regulating different targets.

Because hnRNP K is specifically necessary for AID-dependent
DNA breaks, to answer the question of which domain of hnRNP
K is responsible for the association with AID and DNA breaks
we focused on the molecular dissection of hnRNP K using mu-
rine lymphoma-derived CH12F3-2A (CH12) cells, which enable
monitoring of CSR from IgM to IgA by cytokine mixture (cluster
of differentiation [CDJ40L, interleukin 4 [IL-4], and trans-
forming growth factor type p [TGF-p] [CIT]), as well as AID-
dependent DNA breaks and other IgH gene recombination
events. Two possible types of RNA-binding domains are found in
hnRNP K (29). The first type is the three K-homology (KH)
domain, which is highly conserved in other PCBPs (30), and the
other is the K-protein-interaction (KI) domain harboring RGG
motifs. Every KH domain contains a GXXG motif, which fa-
vorably binds to poly(C) sequences in both RNA and single-
stranded DNA (ssDNA) (31, 32). However, the KI domain is
very unique to hnRNP K (29, 30) and the RNA-binding capacity
of this KI domain is not sufficiently defined, although it encodes
multiple RGG motifs, which has the potential to bind both
proteins and RNAs (33).

This study showed that both the GXXG and RGG motifs
played an important role in CSR and SHM, because they were
necessary for AID-dependent DNA breaks. Moreover, CSR- and
SHM-deficient hnRNP K mutants almost lost the RNA-
dependent interaction with AID, as well as the ability to bind
with the typical hnRNP K-binding RNAs. It suggested that
specific RNA(s), binding of which was abolished by the mutation
of GXXG or RGG motifs, might be responsible for AID-
dependent DNA breaks. Additionally, both GXXG and RGG
motifs were required for nuclear localization of hnRNP K. Be-
cause it was previously shown that nuclear localization signal
(NLS) mutants of AID are defective in CSR and SHM (3, 34),
lower nuclear localization in these RNA-binding motif mutants
could partially contribute to their malfunction in AID-dependent
DNA breaks.

Results

All Three KH Domains of hnRNP K Contributed to Efficient
AID-Dependent CSR. To evaluate the relative importance of the
three KH domains in hnRNP K, we evaluated the mutants of one
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KH domain deletion (AKHI® ~ AKH3®) and deletion of two
KH domains (KH1® ~ KH3®) by “CSR rescue” assay (SI Ap-
pendix, Fig. S1 A and B). These mutants were tagged by c-Myc-
FLAG at the C terminus and had silent mutations enabling re-
sistance to small interfering RNA (siRNA)-mediated knockdown
(indicated by superscript “R”). To compare their CSR rescue
ability with that of the wild-type hnRNP K (WT K®), we used a
hnRNP K-mutated cell line, clone K2-20, generated from CH12
cells (9). Because this K2-20 cell line had residual endogenous
hnRNP K, IgA% of siControl (~24%, average) was further de-
creased to ~4% by sihnRNP K (sihnRNP K without any plasmid,
“no plasmid”) (SI Appendix, Fig. S1 B-E) and was restored by
WT K® at a similar level to the siControl with CIT (CD40L, IL-
4, and TGF-p) (P = 0.943). WT K® was used as the positive
control for comparing CSR rescue efficiency with that of the
mutants, because WT K® and the mutants were prepared by the
same procedure combining sihnRNP K and rescue by WT or the
mutant of hnRNP K. All of the KH domain mutants rescued
CSR but almost at half the level of WT K® (IgA% = 10 ~15%,
P< 0.05). Because all of the KH domain mutants equally rescued
CSR, every KH domain of hnRNP K additively contributed to
AID-dependent CSR (SI Appendix, Fig. S1 D and E). “GFP”
rescued by the cMyc-FLAG-tagged green fluorescent protein
(GFP) showed a level similar to IgA% with no plasmid.

All Three GXXG Motifs in the KH Domains of hnRNP K Were Necessary
for CSR. To identify the essential RNA-binding motifs of hnRNP
K, which were specifically required for AID-dependent CSR, the
reported RNA-binding motifs in the KH domain of hnRNP K
were mutated. Instead of a large domain deletion that may
possibly alter the protein structure, the mutation of a few amino
acids that did not affect the whole protein structure was used for
functional molecular dissection. A few amino acids in the KH3
domain were mutated based on the precise structural data by
NMR and X-ray analysis (32, 35) and an in vitro study of RNA-
binding ability (36). These reports revealed the necessity of the
GXXG motif and the adjacent isoleucine *“**I for ssDNA binding
capacity. Especially, the GDDG mutation from GXXG did not
change the structure and stability of the KH domain. The CSR
rescue abili%y of these three KH3 mutants, GXXG to GDDG
(KH3.1R®), *B1 to *®*D (KH3.2%), and DGDDG (KH3.3R), were
compared to that of KH3® (ST Appendix, Fig. S2. A and B). As the
result, all three mutants of a few amino acids tended to decrease
IgA%, although the difference between KH3® and these mu-
tants was very small and statistical significance was found only
between KH3® and KH3.2® (ST Appendix, Fig. S2 C-E).
Because GDDG mutation keeps the structure of the KH do-
main (36), we introduced the GDDG mutation into every
GXXG motif in each KH domain to construct the GXXG mu-
tants, Mul® ~ Mu5® and 3GDDGR, to determine their CSR
rescue efficiency (Fig. 14 and B). Expression of all these GXXG
motif mutants were not lower than that of WT K® (Fig. 1C),
because hnRNP K versus GAPDH ratio measured b};\ Imagel] is
2.11, 1.75, 2.02, and 1.46 in Mu4®, Mu5®, 3GDDG®, and WT
KR, respectively. CSR rescue by these GXXG mutants became
less efficient when more GXXG motifs were mutated in hnRNP
K (Fig. 1C-F). Actually, CSR efficiency of the single GDDG
mutant Mul® ~ Mu3® was significantly lower than WT K® ex-
cept for Mu3®. The double GXXG mutant Mu4® and Mu5®
showed much lower CSR rescue ability (IgA switch = 6.5 and
5.5% [average]) than Mul®~Mu3® (Fig. 1F, P< 0.05). More-
over, the triple GXXG mutant 3GDDGR® restored CSR up to
~5%, which was calculated to be 12% of the WT K® (Fig. 1E
and Table 1), although the statistical significance between
3GDDG® and the double mutants Mu4® and MuS® was not
found. These results suggested that the three GXXG motifs of
hnRNP K acted additively to support AID-dependent CSR.
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Fig. 1. CSR efficiency by the hnRNP K GXXG motif mutants. (A) The constructs of sihnRNP K-resistant hnRNP K tagged with c-Myc-FLAG, with or without the

GXXG motif mutation in the KH domains. The GXXG motifs were mutated to GDDG as illustrated. (B) The time course for the CSR rescue assay. hnRNP
K-depleted K2-20 cells were transfected with sihnRNP K and rescued by the constructs shown in A. (C) Protein expression of each mutant, as confirmed by
Western blot analysis. (D) A representative profile of the CSR restoration by the WT KR and the GXXG mutants. FSC, forward scattered. () Averaged IgA% of
the rescued samples calculated from three independent experiments. Data are the mean =+ SD. Statistical significance was calculated by Student's t test. NS,
not significant. The “no plasmid” sample was the negative control in these experiments. (F) P values between GXXG mutants.

Both the GXXG and RGG Motifs of hnRNP K Were Required for CSR.
Because the 3GDDGR® still had very low residual CSR rescue
ability when compared to the negative controls (no plasmid, P
value is 0.048 in comparison between 3GDDG® and no plasmid),
the other potential RNA-binding motifs, RGGs in the KI domain
were tested for CSR rescue function. To test whether the enroll-
ment of RGG motifs overlapped with the GXXG motifs or not,
the RGG motif-only mutants and the mutants of both the RGG
and GXXG motifs were constructed and compared (Fig. 24). The
structure of the KI domain was not reported previously; therefore,
ADD mutations in the RGG motif were designed based on the
study of human fragile mental retardation protein (FMRP) (37).

tFig. 24 shows the RGG motif mutants derived from the con-
struct of WT K&, Mu6® ~ SADDR. The same ADD mutations
were introduced into the 3GDDG® (Mu9® ~ 3GDDG + 5ADDY).
The time course of the experiment was the same as the previous
experiment (Fig. 1B). All of the RGG motif mutants expressed
equally to WT K® and 3GDDG® (Fig. 2B). Among them, Mu6®
and Mu9® retained the same size as WT K* while others showed a
higher speed of electrophoretic mobility. The averaged IgA% of
the mutants Mu6® ~ Mu8® decreased less than half of the WT K®
(P < 0.05) and SADD® showed much less average (~5%) of IgA%,
although P values between the intermediate mutants (Mu6® ~
Mu8®) and SADD® were not significant (Fig. 2C-E). IgA% of
3GDDG"® and 3GDDG + 5ADDR® were not different, meaning
that the RGG motifs did not support remaining CSR rescue activilt{y
of 3GDDG®. Normalized CSR rescue (percent) of 3GDDGF,
SADDR, and 3GDDG + 5ADD" were 12%, 18%, and 16%, re-
spectively (Table 1). This small residual CSR rescue activity in these
mutants might be contributed by the potential unknown RNA-
binding motifs in hnRNP K or the alternative RNA-binding pro-
teins, although their compensation is incomplete.

RGG and GXXG Motifs of hnRNP K Supported AID-Dependent SHM. To
test whether SHM, the other AID-dependent IgH diversifica-
tion, was also reduced by mutation of hnRNP K, we analyzed
SHM of the Sp region in K2-20 cells using the rescue assay

11626 | www.pnas.org/cgi/doi/10.1073/pnas.1921115117

(Fig. 34). Fragments in the 5’-Sp region were sequenced by the
Sanger method (676 bp; SI Appendix, Fig. S34) and next-
generation sequencing (NGS) (447 bp; Fig. 3B).

Table 1. CSR rescue ability of hnRNP K mutants relative to WT K®

Construct CSR rescue, %
Type of mutant wT KR 100
KH-deleted mutant AKH1R 45 +59
AKH2R 37 +5.8
AKH3R 48 + 10.5
KH1R 43 + 4.4
KH2R 57 +5.8
KH3R 32+7.0
KH3 mutant KH3.1R 19+ 7.8
KH3.2R 18+ 1.7
KH3.3% 25+ 12.4
GXXG mutant Mu1R 53 + 13.0
Mu2R 43 +17.4
Mu3® 62+ 17.4
Mu4R 25+ 5.7
MusR 18 + 3.2
3GDDGR 12+ 1.0
RGG mutant Mu6R 33+43
Mu7R 41 + 15.0
Mug® 25+ 5.8
5ADDR 18+ 1.4
GXXG + RGG mutant Mu9® 25+ 5.4
Mu10R® 21+26
Mu11R 23 +3.2
3GDDG+5ADDR 16 + 1.2
NLS mutant Mu12®R 90 + 14.1

The percent values are relative IgA% calculated by (the mutant — no
plasmid)/(WT KR — no plasmid). All CSR rescue assays were performed three
independent times and the results are presented as mean + SD.
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By the Sanger method, SHM of WT K® and 3GDDGR®
transfectants were analyzed (SI Appendix, Fig. S3 A-C). By
comparing the CIT (+) samples of WT K® and 3GDDG?, it
seems that 3GDDGR induces less SHM than WT K®. However,
the P values are not statistically significant and it was difficult to
conclude the SHM level of 3GDDGR, suggesting the necessity of
NGS for SHM. K2-20 cells were originally monoclonal; however,
they were diversified into a heterogeneous population with the
accumulation of many SNPs that occurred during long-term
culture because at least five different typical sequences were
revealed in the nonstimulated cells, as shown by Sanger se-
quencing (Variants 1 through 5 in SI Appendix, Fig. S3D).

In SHM analysis by NGS, protein expression of AID and the
transfected hnRNP K molecules were not affected and levels of
IgA switching were similar to the other experiments (Fig. 3C and
Table 1). Variant 1 (SI Appendix, Fig. S3D) was arbitrarily se-
lected as the reference in the NGS analysis. NGS provided about
370,000 to 510,000 reads per sample (SI Appendix, Table S1).
Mutation frequency of each nucleotide position was calculated
as shown in SI Appendix, Table S2. The comparison between CIT
(+) and (=) or WT K® and the other mutants revealed statisti-
cally significant differences (Fig. 3D, Top). To evaluate AID-
dependent SHM, the difference of mutation frequency be-
tween CIT (+) and (-) samples (AMut. Freq.) was calculated
(Fig. 3D, Middle). The 3GDDGR, SADD®, and 3GDDG +
SADDR® samples showed a reduction of the total mutation fre-
quency, as well as the AMut. Freq. when compared with the WT
K® sample. The AMut. Freq. ratio of these mutants to WT K&,

normalized by the value of the WT KX sample (= 100%) and that
of the no plasmid sample (= 0%), showed the SHM rescue
abilities of these mutants (Fig. 3D, Bottom). The 3GDDGR,
SADDR, and 3GDDG + 5ADD" were 30%, 31%, and 24% of
the WT K®, respectively (see Fig. 8). Equally deficient SHM
rescue efficiency in these mutants was consistent with the results
of the CSR experiments. The mutational pattern of all the
samples does not seem to be different, as shown in SI Appendix,
Table S3.

GXXG and RGG Motifs of hnRNP K Were Required for AID-Induced
DNA Breaks. As a hallmark of lymphomagenesis (38), aberrant
chromosomal translocation between the oncogene cMyc and the
IgH locus is due to the off-target DNA breaks induced by AID
(39). To test the function of the GXXG and RGG motifs of
hnRNP K in AID-dependent DNA breaks, we compared the
cMyc/IgH translocation levels (F{g. 44) of K2-20 cells with
sihnRNP K rescued by WT KX, 3GDDGR, 5ADDR, and
3GDDG + 5ADDR® (Fig. 4B). Here, we used the same rescue
assay shown in Fig. 1B in combination with knockdown of Top1
to improve the translocation efficiency. In conditions without
siTopl, the cMyc/IgH translocation efficiency of WT KR-rescued
samples under CIT was too low to evaluate the difference sta-
tistically between them (S Appendix, Fig. S44). The knockdown
of Top1 was confirmed by detecting the protein amount and IgA
switch enhancement (SI Appendix, Fig. S4 B and C). DNA pu-
rified from the cells after 48 h of CIT stimulation was used for this
assay (Fig. 4B). Consistent with the results of CSR restoration,
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Fig. 2.

Evaluation of CSR rescue by RGG mutants and RGG + GXXG mutants. (A) The position of the RGG motifs in the KI domain of hnRNP K are marked in

the template construct, WT K®. Mu6®-Mu8® and 5ADD® mutants harbor intact GXXG motif (Left), Mu9®-Mu11® and 3GDDG + S5ADDR carry the GDDG mutation
in all GXXG motifs (Right). (B) Protein expression of each mutant, as confirmed by Western blot analysis. (C) A representative profile of the CSR restoration by
the WT K® and its mutants. FSC, forward scattered. (D) Averaged IgA% of the rescued samples calculated from three independent experiments. Data are the

mean + SD. Statistical significance was calculated by Student'’s t test. NS, not
periments. Time course for the CSR rescue assay in B-D is the same as sh
mutants (Right).
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significant. The “no plasmid” sample was the negative control in these ex-
own in Fig. 1B. (E) P values between RGG mutants (Left) or GXXG+RGG
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3GDDGR, 5ADDR, or 3GDDG + 5ADDRtransfectants showed
significantllg less translocation frequency of cMyc/IgH than that of
the WT K™ (Fig. 4C and D), further demonstrating that both the
RGG and GXXG motifs of hnRNP K were required for AID-
dependent DNA breaks.

Because hnRNP K was considered to be an AID cofactor to
induce SSBs of DNA, the RNA-binding motif mutants of hnRNP
K were supposed to be deficient in SSBs and the processed form,
DSBs. To examine SSB and DSB levels by these motif mutants,
we performed linker ligation-mediated PCR (LM-PCR) ampli-
fying DNA break ends formed in the 5’-Sp region, which is one
of the targets of AID (Fig. 4E). The DSB signals were detected
by 5’-Sp probes (Fig. 4F). Overexpressed hnRNP K molecules
were expressed equally and CSR efficiency matched the average
data shown in Table 1 (SI Appendix, Fig. S4D). In contrast to the
WT KR sample with abundant DSB signals, 3GDDGR, 5ADDF,
and 3GDDG + SADDRtransfectants showed extremely low DSB
levels, which were almost the same as the negative control. With
this finding, we hypothesized that the CSR, SHM, and cMyc/IgH
translocation in the 3GDDGR, SADDX, and 3GDDG + SADD®
mutants may be blocked at the DNA break step.

GXXG and RGG Motif Mutations Abolished the AID-hnRNP K Interaction.
Interaction of AID with hnRNP K was tested by coimmunopreci-
pitation (co-IP) using stimulated K2-20 cells (Fig. 54) because the
AID-hnRNP K interaction was supposed to be essential for AID-
dependent DNA breaks, as shown in our previous study (9). For the
GXXG mutants, the more GXXG motifs were mutated, the less
AID interacted with them (Fig. 5B, Top). Among them, the

11628 | www.pnas.org/cgi/doi/10.1073/pnas.1921115117

3GDDGR® mutant showed very low levels of AID association (8%
of WT K®; Fig. 5D), which was consistent with the results of CSR
rescue (Fig. 5B, Bottom and SI Appendix, Fig. S54). However,
mutating three of the RGG motifs (Mu7®) was sufficient to de-
crease the AID-hnRNP K interaction (Fig. 5B, Top, 4% of WT KX,
Fig. 5D), probably because of the conformational change revealed
by the faster electrophoretic mobility of the RGG mutants, Mu7%,
Mu8R, and SADDR compared to the WT K®; 3GDDG + 5ADDR
also did not interact with AID, in accordance with the result of
IgA% (Fig. 5C and D and SI Appendix, Fig. S5B). These results
indicated that the AID-hnRNP K interaction was mediated by both
the GXXG and RGG motifs.

GXXG and RGG Motifs Were Required for the RNA-Binding Capacity of
hnRNP K. To confirm that RNA binding by hnRNP K was really
impaired by mutation of the GXXG and RGG motifs, RNA-IP
using K2-20 cells transfected with sihnRNP K and variously
mutated FLAG-tagged hnRNP K plasmids was performed
(Fig. 64). IP efficiency evaluated by Western blot analysis showed
the same level of IP efficiency in the rescued cells by WT K® and
the motif mutants (SI Appendix, Fig. S6 A and B). Initially, the
dependency of the RNA-binding capacity of hnRNP K on the
GXXG and RGG motifs was tested by single, double, or triple
GXXG mutants (Mul®, Mu4®, and 3GDDG") or triple, qua-
druple, or quintuple RGG mutants (Mu7%, Mus®, or SADDR®)
(Fig. 6B). cMyc mRNA, CARM1 mRNA, and lincRNA-p21,
which are the typical hnRNP K-binding RNAs (21, 22, 40), were
enriched by WT K®. The IP efficiency (%input) of all of the tested
transcripts was reduced to one-half to one-fourth the level in the
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cells of the single GXXG mutant Mul® and further decreased to
background levels in the mutants with more mutated GXXG
motifs. All of the RGG motif mutants did not enrich these target
RNA:s, similar to their abolished interaction with AID, shown in
Fig. 5B. In order to assess whether hnRNP K directly binds to the
transcripts derived from AID-dependent DNA break sites, binding
of hnRNP K to p-germline transcript (GLT) and o-GLT including
Sp and Sa regions, respectively, were examined. Transcription of Sp
and Sa regions is known to be critically necessary for CSR and
SHM (41-43) and p- and a-GLT are reported to associate with
AID (44); however, these transcripts were not enriched even with
the WT K®. Additionally, Topl mRNA was not bound by hnRNP
K, whereas the AID-hnRNP K complex is supposed to regulate the
translation of Top1 (9).

To identify the RNAs which are bound by hnRNP K and
functioning for AID-dependent DNA breaks, binding affinities
of the candidate RNAs to WT hnRNP K and the functionalllx{
deficient mutants, 3GDDGY, SADD®, and 3GDDG + 5ADD
were compared (Fig. 6C). Candidate RNAs were selected from
the study analyzing hnRNP K-binding RNAs in hippocampal
neurons (45). From their list, mRNAs of the proteins related to
DNA breaks and/or DNA repair (Sets 1 through 3) and mRNAs
having a positive effect on CSR/SHM (Set 3) were selected as
the candidate RNAs. Additionally, some long noncoding RNAs
(IncRNAs) reported to be bound by hnRNP K and conserved in
both human and mouse, such as Lncencl, Pvtl, SCAT7, and

Yin et al.

NEAT1 (46, 47), were also screened for their binding to WT K®
and the mutants (Set 4, Fig. 6C), although it was not sure
whether they were involved in the AID-dependent DNA
break step.

Some of the screened mRNAs showed an enrichment signal
higher than actin in WT hnRNP K cells (Fig. 6C). All of the
tested candidate RNAs except for NEAT1 were not efficiently
enriched to the RNA-binding motif mutants of hnRNP K,
showing the importance of these motifs in hnRNP K’s RNA-
binding property. However, it is not clear yet whether the di-
rect interaction of RNA to these motifs was abolished in these
mutants or structural alteration by these mutations decreased the
RNA-binding efficiency. Some candidate mRNAs which showed
equivalent or more enrichment than cMyc were tested further-
more for their regulation by hnRNP K (SI Appendix, Fig. S6 C
and D). As the result, their protein expression level was com-
parable between hnRNP K-proficient and -deficient -cells,
showing that these binding RNAs to hnRNP K were not actually
regulated by hnRNP K. Because SMARCA4 and BRD4 showed
especially higher enrichment than the positive controls (Fig. 6C,
Sets 1 and 2), their expression profile was precisely evaluated in
the K2-20 cells rescued by WT K® and the mutants (SI Appendix,
Fig. S6D). However, we could not find any RNA or protein
regulated by hnRNP K with these experiments.

NEATI expresses two isoforms of the IncRNA NEAT]1, longer
and shorter (48) (SI Appendix, Fig. S7TA). Primer set NEAT1 2,
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Fig. 5. Comparison of the AID-hnRNP K interaction between WT K® and the functionally deficient mutants. (A) Time course for detecting the interaction
between endogenous AID and FLAG-tagged hnRNP K. (B, Top) Western blot analysis of the co-IP to compare the AID-hnRNP K interaction between the WT K®
and the indicated GXXG mutants (Left) or RGG mutants (Right). The cell sample transfected with an empty vector (pCMV-3Tag-1A) was used as the negative
control (pCMV) and GAPDH was used as the loading control. The asterisk indicates a nonspecific band around 28 kDa. (B, Bottom) A representative profile of
the CSR rescue analysis. FSC, forward scattered. (C, Top) Western blot analysis of the co-IP to compare the AID-hnRNP K interaction between WT KR, 3GDDGR,
5ADDR, and 3GDDG+5ADDR. (C, Bottom) A representative profile of the CSR rescue analysis. (D) The averaged signals of coimmunoprecipitated (co-IPed) AID
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which amplified only the longer isoform, showed its higher en-
richment to both WT K® and ADD® (Fig. 6C, Set 4). Although
expression level of longer isoform was modestly stabilized by
hnRNP K (81 Appendix, Fig. STB), knockdown of longer isoform
increased IgA switching (SI Appendix, Fig. S7 C and D) by both
endogenous AID and exogenous AID-ER (estrogen receptor
ligand binding domain). This indicated that regulation of
NEAT1 by hnRNP K did not support the function of AID. SHM
of the Sp region in NEAT1 knockdown cells was 75% of the
control, but there was no significant difference with this change
(8I Appendix, Fig. S7 E and F). Collectively, NEAT1 might in-
dependently suppress CSR.

GXXG and RGG Motifs Were Required for Nuclear Localization of
hnRNP K. It was reported that the nuclear—cytoplasmic shuttling
of AID is essential to induce CSR and SHM (3, 34). Because
hnRNP K is also reported to shuttle between the cytoplasm and
nucleus (49), functionally deficient mutants of hnRNP K were
examined for a change in subcellular localization. Initially, the
subcellular localization of WT K® and 3GDDGR® was compared
between CIT (+) and CIT (-) conditions (Fig. 74 and SI Ap-
pendix, Fig. $84). The amount of nuclear WT K® was not af-
fected by CIT stimulation, and the nuclear 3GDDG® was much
less than that of the WT K®. To examine whether the RNA motif
mutants generally changed their subcellular localization, the
nuclear localization of the other hnRNP K mutants harboring
different CSR rescue ability was examined (Fig. 7B). For com-
parison of the relative amount of nuclear hnRNP K, nuclear
fraction% (nuclear fraction/[cytoplasmic + nuclear fractions])
was calculated from the intensity data obtained by Imagel]
(Fig. 7E). Nuclear localization of 3GDDG® was lowest (4% of
nuclear fraction%%{ among the other GXXG motif mutants,
while nuclear Mul®-Mu3®, whose CSR rescue efficiencies were
almost half of the WT K&, were at the middle level (13 to 22%)
between 3GDDGR and WT K® (41%) (Fig. 7B and E). The
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RGG mutants Mu6® and ADDR localized in the nucleus at the
low (9%) and unrecognized (6%) level, respectively. These re-
sults of nuclear localization correspond to the CSR rescue ability
shown in Table 1. Therefore, the more RNA-binding motifs of
hnRNP K that were mutated the less nuclear accumulation of
hnRNP K.

To elucidate the requirement of nuclear hnRNP K for CSR,
the NLS mutant was tested for its CSR rescue ability. Surpris-
ingly, the nuclear localization of Mul2®, carrying a mutation of
the classical NLS (49) (Fig. 7C), decreased to 23% (Fig. 7D and
E); however, CSR rescue of Mul2® was almost normal (90% of
the WT KR, P = 0.460; Fig. 7E and SI Appendix, Fig. S8 B and
C). This result indicated that a nuclear retention of 23% was
enough to induce the full strength of CSR. At the same time,
Mu12®’s nuclear retention was not as low as that of 3GDDGR or
SADDR® so the possibility still remained that much less (~5%
level) nuclear retention of these mutants was disadvantageous
for the function of hnRNP K. Because the NLS mutants of AID
were functionally dead, the AID-hnRNP K complex was
expected to localize in the nucleus to cause AID-dependent
DNA breaks (3, 9, 34). Taken together, mutating the RNA-
binding motifs decreased the nuclear localization of hnRNP K,
which might contribute to the functional deficiency, at least in
part, in addition to the abolished RNA-binding capacity and
interaction with AID.

Discussion

Our study elucidated the essential RNA-binding motifs in
hnRNP K for AID-dependent CSR, SHM, cMyc/IgH trans-
location, and DNA breaks (Figs. 1-4 and 8). The function of the
GXXG and RGG motifs in AID-dependent DNA breaks was
revealed by this study. Especially, the importance of RGG motifs
in KI domain for RNA-binding property of hnRNP K was shown
by RNA-IP experiments. A previous study found that the loss of
function of hnRNP K promotes genomic instability by reducing
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Fig. 6. RNA-binding capacity of the hnRNP K functionally deficient mutants. (A) Experimental design for RNA-IP. K2-20 cells with knockdown and the rescue
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for comparing the RNA-binding capacity of WT K® and its mutants shown on the top of the bar graph. %Input indicates the enrichment of the immuno-
precipitated RNAs normalized by the input signal. Actin mRNA was used as the negative control. (C) g-PCR analysis for detecting the enrichment of the
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the genome maintenance activity of p53 (24), which is the op-
posite effect on genome instability to our study. Also, hnRNP K
is considered to be important for the DNA repair step after

DNA damage (23, 24). However, our study clearly showed that
the RNA-binding motifs of hnRNP K were essential in the DNA
break step, but not the repair step, in AID-dependent Ig gene
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recombination, unveiling the RNA-mediated function of hnRNP
K in the formation of programmed endogenous DNA breaks.

We aimed to identify the binding RNA which is regulated by
hnRNP K and contributes to AID-dependent DNA breaks. We
screened binding of hnRNP K to candidate RNAs including p-
and a-GLTs transcribed from AID-dependent break sites, Topl
mRNA, and mRNAs encoding DNA break- or repair-related
protein and IncRNAs reported to bind to hnRNP K. Un-
fortunately, we could not identify any RNA which could explain
the AID-dependent DNA break mechanism (Fig. 68 and C and
SI Appendix, Figs. S6 and S7). This result showing that p- and
a-GLTs are not bound by hnRNP K was reasonable because our
previous study showed that knockdown of hnRNP K did not
affect the expression of p- and a-GLTs (9). Additionally, the
result in which hnRNP K did not bind to Topl mRNA was
supported by the effect of siTopl on CSR (SI Appendix, Fig. S4B
and C). In the RNA-binding motif mutants of hnRNP K,
siTopl up-regulates IgA%; however, the up-regulated IgA%
does not reach to the standard level of WT K™ (without siTopl,
~24%). If low levels of DNA breaks in these RNA-binding motif
mutants were due to the disturbance of the Top1 reduction, the
artificial reduction of Top1 by siRNA would overcome the defect
and recover CSR efficiency, but it did not. This result suggested
that lower IgA% values in these mutants were not related to
Topl reduction by AID (12, 13).

In our study, it was not solved that the loss of RNA-binding is
due to decrease of direct RNA-binding capacity or the changes
of whole structural and/or posttranslational modification (PTM)
(81 Appendix, Fig. S9). RNA binding by GXXG motifs is well-
defined by the many studies revealing that GXXG favored
pyrimidine-rich sequences (32). Meanwhile arginine of RGG
generally binds to some RNAs if the arginine can make = stack

A Plasmid (Cy, Nu, W)
sihnRNP K CIT+ protein extraction
K2-20 ‘ 24 h ‘ 48 h ‘ >
B Mu1® Mu2®  Mu3®  3GDDG

and hydrogen bond with the bases (33), suggesting that RNA
binding by RGG does not show any sequence specificity. Actu-
ally there is very little direct evidence reported on RNA-binding
capacity of the RGG motifs in KI domain. In vitro transcribed 5’
UTR of enterovirus 71 binds to the hnRNP K mutant in KI
domain-dependent manner, although the effect of conformation
change is not excluded (50). In the other study of RNA-binding
ability of RGG motifs, the 2’ RGGR-deleted mutant in KI do-
main failed to bind to the c-FOS mRNA-CAT mRNA fusion
RNA probe in the RNA-electrophoretic mobility assay (51).
Because this mutant did not show the large difference of elec-
trophoretic mobility with WT hnRNP K, possibly this result
suggests some direct RNA binding. In contrast, structural change
in the RGG mutants would give multiple effects on the function
of hnRNP K. Furthermore, RGG to ADD mutations of >R,
28R, 2R, and **’R in hnRNP K in our study presumably
abolished arginine methylation which might affect both RNA
binding directly or through the acceleration of phosphorylation
by c-Src (52-55).

Interestingly, the SADDR mutant was functionally defective in
DNA breaks but did not totally lose binding capacity to some
RNA, such as NEAT1, showing that intact GXXG motifs still
support the binding of some of the target RNAs. The evidence
for the direct RNA-binding ability of RGG motifs was not suf-
ficient, because mutation of RGG motifs may initially change the
hnRNP K’s structure and this causes the defective RNA-binding
ability and less interaction with AID. At the same time,
remaining RNA-binding capacity of SADD® suggests that the
subtraction of RNAs binding to SADD® from RNAs binding to
WT KR may narrow the candidate RNAs, which will provide the
basis of AID-dependent DNA breaks.
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Fig. 7. Subcellular localization of the GXXG mutants, RGG mutants, and NLS

mutant. (A) Time course for the detection of subcellular localization. A similar

CSR restoration experiment was performed using K2-20 cells. Cytoplasmic (Cy), nuclear (Nu), and whole-cell (W) proteins were separately extracted. (B)
Western blot analysis comparing the subcellular localization of WT K® and its mutants. Top1 was used as a nuclear marker; GAPDH was used as a cytoplasmic
marker. (C) The mutated amino acid residues in the NLS are positioned in the scheme of the WT KR construct (Top). Amino acid change in the NLS mutant
Mu12R (Bottom). (D) Western blot analysis detecting the subcellular localization of 3GDDGR, Mu12®, and WT KR. The result was confirmed by two in-
dependent experiments. (E) Comparison of the CSR rescue abilities and subcellular distribution. Normalized CSR rescue was calculated as shown in Table 1.
Nuclear fraction% was calculated using the values quantified by the ImageJ software.
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Discovered Phenotypes

RNA Nuclear | Binding DNA csR | sHM cMyc/IgH
hnRNP K and mutants | pinding | retention | to AID breaks translocation
WT KR > = 41% 100 P> = [>] 100% | 100% 100%
3GDDGR > 4 4% 8% P> 4+ P 12% | 30% 19%
5ADDR > 6% 13% P> 4+ P> 18% | 31% 34%
3GDDG+5ADDF > + ND 9% P ¥ P> 16% | 24% 17%

Fig. 8.

Summary for the requirement of RNA-binding motifs in hnRNP K for AID-dependent DNA breaks. The RNA-binding motifs (3GXXG and 5RGG) in

hnRNP K are required for its RNA-binding capacity and nuclear retention, as well as the interaction with AID, which are supposed to be necessary for inducing
DNA breaks in IgH locus, followed by CSR, SHM, and cMyc/IgH translocation. Blue arrow, WT level of hnRNP K. Red arrow, significantly decreased. The percent
values in the parentheses are relative values of WT K® normalized by no plasmid samples, except for the analysis of AID-binding (by pCMV sample) and

nuclear retention (by Cy + Nu fractions). ND, not done.

In our study, GXXG and/or RGG motif mutations in hnRNP
K affected not only binding to RNAs and interaction with AID
but also its nuclear accumulation, unexpectedly. Because hnRNP
K has the NLS motif, the reason why loss of RNA-binding ca-
pacity leads to decreased nuclear retention remains elusive.
However, this decrease might be influenced by lower RNA
binding in both the GXXG and RGG mutants and structural
change and PTM particularly in the RGG mutants (SI Appendir,
Fig. S9). Notably, recruitment of hnRNP K to the specific ge-
nomic loci is guided by the binding of IncRNAs (21, 56), sug-
gesting that the RNA-binding property of hnRNP K determines
its fate. Additionally, nuclear retention is possibly affected by
arginine methylation (57). Taken together, nuclear accumulation
was affected by RNA-binding capacity at least in part and both
may collaboratively promote the complex formation of hnRNP K
with AID and, further, AID-dependent DNA breaks.

Recently, the overexpression of hnRNP K in B lymphoma cells
was reported to be a poor-prognosis marker because it enhances
cMyc expression (27). However, a loss-of-function mutation in
hnRNP K is found to be one of the responsible genes of Kabuki-
like syndrome. In general, Kabuki-like syndrome patients pre-
sent multiple congenital anomalies, various levels of hypo-
gammaglobulinemia (42 to 79%), and repeated infection (26 to
42%) (58, 59). Because Kabuki-like syndrome is caused not only
by hnRNP K mutation but also by MLL2 (lysine methyl-
transferase 2D) and KDMO6A (lysine demethylase 6A) mutation
(58-60), the hypogammaglobulinemia symptoms are not solely
attributed to hnRNP K mutation. Actually, a double mutation of
MLL3 and MLL4 (MLL2 in humans) in mice decreases switching
of IgG1 and IgG3 in vitro to almost half the level of WT mice (61).
At the time of preparation of this paper, 10 patients with Kabuki-
like syndrome caused by hnRNP K mutations were reported (62,
63) and only one of them presented repeated respiratory infection
(59). Almost all their mutations happened in KI or KH3 domain.
These mutations might be enough to disturb the function of
hnRNP K in the other organs, but not enough to affect CSR and
SHM in the activated B cells. Probably some population in the
previous Kabuki-like syndrome patients who showed hypo-
gammaglobulinemia might be possibly caused by a mutation of
hnRNP K. Our study will provide the clue for understanding the
immunodeficiency in the hnRNP K-mutated patients.

Technically NGS was adopted to evaluate SHM, as the other
group reported (64, 65). Actually, the background SHM fre-
quency was higher (5.1 to 5.3 x 107*; Fig. 3D) than that of the
Sanger method (1.6 to 2.7 x 107 SI Appendix, Fig. S3 B and C)
because NGS elucidated all of the “mutations,” changed nucle-
otides from the reference including allelic mutations, single-

Yin et al.

nucleotide polymorphisms (SNPs) developed during culture,
spontaneous AlID-independent mutations, and technical se-
quencing errors in addition to AID-dependent mutation. We
tried to minimize PCR bias by increasing the starting DNA
amount. Because 3 pg of DNA was supposed to be derived from
a single cell, ~320,000 cells, contained in 960 ng DNA per
sample, were used in the initial PCR step. From the total read
number of the samples (370,000 to 510,000 reads per sample; SI
Appendix, Table S1), one cell was probably sequenced 1.2 to 1.6
times. Considering all these conditions, the total SHM was cal-
culated by excluding 1) only one mutation event out of all reads
and 2) the specific mutations with a frequency of more than 10%),
which are allelic mutations and major SNPs. The final SHM
results comparing WT and the RNA-binding motif mutants
obtained by this protocol reasonably correlated with the level of
CSR, DNA breaks, and cMyc/IgH translocation and were con-
sidered to represent AID-dependent mutations.

In summary, this study suggested that the RNA-binding motifs
of hnRNP K, GXXG and RGG, were identified as the necessary
motifs for RNA binding, nuclear retention, and the interaction
with AID. These results supported our hypothesis that hnRNP K
presents some RNAs to AID for editing, and the edited RNAs
provoke DNA breaks in IgH locus, following on several AID-
mediated processes—CSR, SHM, and cMyc/IgH translocation
(Fig. 8). Still, the molecular mechanism of AID-dependent DNA
breaks is highly enigmatic—Which RNA is edited by AID, what
is the function of the edited RNA, and how is the DNA cut?
However, the remaining questions will be answered when RNAs
associated with hnRNP K are analyzed. In the future, comparing
the trapped RNAs between the motif mutants and the WT
hnRNP K will give an important clue to the molecular mecha-
nism of AID-induced DNA breaks.

Materials and Methods

Detailed materials and methods for mutational constructs, cell culture, CSR
rescue assay, Western blot analysis, SHM analysis, cMyc/lgH translocation
assay, LM-PCR-based DNA break assay, co-IP, RNA-IP, NEAT1-related exper-
iments, fractionation of cytoplasmic and nuclear proteins, and statistical
analyses are described in S/ Appendlix.

Data and Material Availability. The row data of SHM analysis by NGS was
uploaded to https://www.ncbi.nlm.nih.gov/bioproject/612426 (66). Python-
formatted files used in informatics analysis have been deposited at https:/
github.com/makikbys/somatichypermutation (67). Other data, as well as
associated-protocols, are available in the main manuscript and S/ Appendix.
Cell lines and plasmids are available from the corresponding author upon
request.
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