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Activation-induced cytidine deaminase (AID) is the essential enzyme for imprinting
immunological memory through class switch recombination (CSR) and somatic
hypermutation (SHM) of the immunoglobulin (Ig) gene. AID-dependent reduc-
tion of Topoisomerase 1 (Topl) promotes DNA cleavage that occurs upon Ig
gene diversification, whereas the mechanism behind AID-induced Top1 reduction
remains unclear. Here, we clarified the contribution of the microRNA-Ago2 complex
in AID-dependent Top1l decrease. Ago2 binds to Topl 3'UTR with two regions
of AID-dependent Ago2-binding sites (5'- and 3’'dABs). Topl 3'UTR knockout
(3'UTRKO) in B lymphoma cells leads to decreases in DNA break efficiency in the
IgH gene accompanied by a reduction in CSR and SHM frequencies. Furthermore,
AID-dependent Topl protein reduction and Ago2-binding to Topl mRNA are
down-regulated in 3'UTRKO cells. Topl mRNA in the highly translated fractions
of the sucrose gradient is decreased in an AID-dependent and Topl 3'UTR-medi-
ated manner, resulting in a decrease in Top1 protein synthesis. Both AID and Ago2
localize in the mRNA-binding protein fractions and they interact with each other.
Furthermore, we found some candidate miRNAs which possibly bind to 5'- and
3'dAB in Topl mRNA. Among them, miR-92a-3p knockdown induces the pheno-
types of 3'UTRKO cells to wild-type cells whereas it does not impact on 3'UTRKO
cells. Taken together, the Ago2-miR-92a-3p complex will be recruited to Top1l 3'UTR
in an AID-dependent manner and posttranscriptionally reduces Top1 protein synthe-
sis. These consequences cause the increase in a non-B-DNA structure, enhance DNA
cleavage by Top1 in the Ig gene and contribute to immunological memory formation.

miRNA | RISC | genome instability | immunological memory

Immunoglobulin (Ig) gene diversification is necessary for developing immunological
memories that enable high-affinity antibodies for the efficient eradication of micro-organisms
in vertebrates. Activation-induced cytidine deaminase (AID) is the master regulator of Ig
gene diversification, including class switch recombination (CSR) and somatic hypermu-
tation (SHM) in mammals and gene conversion in birds (1-3). AID is part of the apoli-
poprotein B mRNA-editing enzyme catalytic polypeptide (APOBEC) RNA editing
enzyme family and is composed of a cytidine deaminase domain in its center, an N-terminal
domain necessary for DNA cleavage, and a C-terminal domain for DNA synapsis forma-
tion (4).

In general, Topoisomerase 1 (Top1) spreads across the nucleus, particularly accumu-
lating in nucleoli (5). Top1 maintains the structure of the DNA duplex by removing the
helical stress of DNA that is caused by transcription and replication. To resolve helical
stresses, single-strand DNA is cut by forming a covalent bond between Top1’s catalytic
tyrosine and the 3’ phosphate end of DNA, followed by the rotation of the other free
strand of DNA duplex, religation of both ends of DNA, and liberation of Top1 from the
DNA duplex (6). Interestingly, Top1 inhibitors that have derived from camptothecin
(CPT) and have long been used as anticancer drugs intercalate between the covalent
bonds of Topl and DNA, fix the Topl-DNA cleavage complex (Top1-cc), inhibit reli-
gation and eventually cause irreversible DNA cleavage and genomic instability (7).
Similarly, Top1 can create an irreversible cleavage at damaged DNA sites, such as adducts
and modifications, due to the topological difficulty which prevents the religation step
(6). Therefore, Top1 is a causative enzyme for genomic instability in the DNA region of
unusual properties. In fact, neuronal tissues are exposed to continuous oxidative stress
and the risk of DNA damage causing Topl-cc; therefore, inhibition or mutation of
Top1-cc-resolving enzymes such as ataxia telangiectasia mutated (ATM), tyrosyl-DNA
phosphodiesterase 1 (TDP1), polynucleotide kinase 3’ phosphatase (PNKP) and aprataxin
causes prolonged Topl-cc (SI Appendix, Fig. S1). This unresolved Topl-cc eventually
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Significance

AID (Activation-induced cytidine
deaminase) is essential for
antibody diversification, such as
class switch recombination (CSR)
and somatic hypermutation
(SHM) upon infection and
immunization through
immunoglobulin gene
recombination. AID decreases
the Topoisomerase 1 (Top1)
protein to alter the DNA duplex
into a non-B structure and
enhance DNA cleavage; however,
the underlying mechanisms of
the Top1 decrease by AID are
poorly understood. We found the
indispensable role of Top1 3'UTR
in the AID-dependent Ago2-
binding for suppressing Top1
synthesis and increasing DNA
cleavage. Furthermore, miR-
92a-3p requires Top1 3'UTR to
promote DNA cleavage and
decrease Top1. Our findings
suggest that this miRNA-Ago2
binds to Top1 3'UTR and reduces
Top1 in an AID-dependent
manner, enhancing Top1-
mediated DNA cleavage, which is
required for antibody
diversification.
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results in genomic instability, tissue damage, and developmental
and neurodegenerative diseases (8—11).

On the other hand, non-B-DNA such as hairpin, cruciform,
or G4 structure is known to be mutagenic and causative for gross
genetic rearrangements such as translocation, deletion, and so on
(12-14). However, Top1 was previously not considered a factor
that impacted genomic instability in non-B-DNA regions. We
had hypothesized that Topl serves as a major player in
AID-dependent DNA cleavage of V and S regions in the IgH gene
during CSR and SHM (15, 16) because AID decreases Top1 pro-
tein amount to half, and furthermore, a decrease of Top1 promotes
AID-dependent DNA cleavage specifically in V and S regions.
Additionally, a relatively low concentration (30 nM) of Topl
inhibitor CPT could decrease CSR and SHM (15, 16). CPT
anchors Topl-cc and delays its removal from DNA break ends,
potentially blocking the processing mechanism toward CSR (or
SHM) completion. CPT also decreased the DNA cleavage effi-
ciency detected by terminal deoxynucleotidyl transferase (TdT)
labeling method (17, 18). Supposedly Top1-cc-adducted 3’ends
induced by CPT was not labeled by TdT, because TdT adds nucle-
otides only to simple 3'-OH DNA break ends. These results of
CPT’s effect indicate the specific involvement of Top1.

This hypothesis, that decreased Topl alters B form DNA
structure into non-B form and further cuts the non-B sites by
Top1 itself, may even be paradoxical; however, it may be possible
since AID activation reduces Top1 by half, not to zero (15).
After our publication, Topl was proved to be the causative
enzyme for transcription-dependent genomic instability based
on non-B-DNA-prone DNA sequences; 1) dinucleotide repeat
deletion in yeast, as Top1-deleted yeast strain lacks this dinucle-
otide repeat instability (19, 20), 2) transcription-dependent
ribonucleoside monophosphates-associated 2 to 5-bp deletion,
that is Topl-dependent and generates microinstability at the
misincorporated ribonucleotides in short tandem repeats ana-
lyzed in yeasts (21), 3) triplet repeat contraction, as knockdown
of Top1-processing TDP1 prolongs the Top1-cc and promotes
triplet repeat contraction in a transcription-coupled nucleotide
excision repair—dependent manner (22). Furthermore, experi-
mental chronic Topl knockdown in culture cells induces accu-
mulation of instability across the genome (23) or in exogenous
triplet repeat sequences (24) in the absence of AID activation.
These pieces of evidence indicate that the role of Topl as the
enzyme responsible for transcription-dependent genomic insta-
bility at non-B-DNA structure is shared in these multiple phe-
nomena and reasonably explains Top1-dependent DNA cleavage
in IgH gene diversification.

The AID-dependent Topl-mediated DNA break mechanism
in the Ig gene raised three major questions: 1) how Topl is
recruited to S regions of the IgH gene and processed 2) which
mechanism resolves Top1-cc at DNA cleavage sites in IgH gene,
and 3) by which mechanism AID decreases Top1 protein amount.
Recruitment of Top1 to AID-dependent DNA break sites requires
SMARCAA4, as revealed by the screening of the interacting proteins
to the Top1-GFP fusion protein (25). The facilitates chromatin
transcription complex is necessary for the binding of Top1 to
H3K4me3, which is the marker of active transcription (25).
Additionally, Topl, which covalently binds to 3’ phosphate of
DNA, is degraded by ubiquitination in general (26). Therefore,
Top1 binding to the S region in the IgH gene also seemed to be
degraded by the proteasome, as CSR is suppressed by proteasome
inhibitor Bortezomib (27). Probably this drug delays the process-
ing of DNA break ends adducted by Top1. In contrast, the molec-
ular mechanism underlying Top1 protein repression through AID
remains unclear.
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The AID-dependent decrease in Top1 was previously consid-
ered to be mediated primarily by translational repression with
marginal transcriptional suppression in our publication (15).
miRNA-mediated gene suppression generally causes translational
suppression with or without mRNA degradation. Typically, miR-
NAs are converted from pri-miRNA into pre-miRNA through
the microprocessor complex (DGCR8/Drosha) within the
nucleus, exported to the cytoplasm, trimmed into the miRNA/
miRNA duplex by DICER, loaded onto the miRNA-induced
silencing complex (miRISC) consisting of Ago and trinucleotide
repeat containing (TNRC) proteins and subsequently recruited
to its targets (28). Argonautes, or Ago proteins, are well-known
components of the RNA-induced silencing complex in small non-
coding RNA-mediated posttranscriptional gene suppression, such
as RNAi and miRNA (29). Four mammalian Ago proteins repress
their target mRNAs (30), however, only Ago2 among these four
contains a slicer activity to cleave its targets. The target RNAs are
translationally suppressed in cases of mRNAs and further degraded
through decapping (31). miRNA production and processing are
regulated by tissue- and development-specific transcriptional pro-
grams, modification of 3’end of miRNA, or RNA-editing (28,
30), and these miRNA regulations are involved in several biolog-
ical functions. In particular, conversion from adenine to inosine
by adenosine deaminases (ADARs) of a subset of pri-miRNAs
affects processing efficiency by Drosha or Dicer (32, 33). Although
RNA editing by AID which enables AID-dependent DNA cleav-
age has not been delineated yet, it will be possible that AID's
editing of some miRNA [or their precursor(s)] could regulate
Top! translation. Actually binding of AID to RNA is reported in
polyA of mRNA (34), viral RNA (35), or germline transcripts of
S regions of IgH genes (36). Furthermore, the RNA-editing activ-
ity of AID is found in viral RNA (35).

Here, we identified the molecular mechanism that underlies
AID-dependent suppression of Top1 protein synthesis. Since Ago2
binds to a specific region of Topl 3'UTR in an AID-dependent
manner, Topl 3'UTR knockout (3'UTRKO) cells were generated.
By analyzing these cells, we clarified the requirement of Topl
3'UTR in DNA cleavage, CSR, and SHM efliciencies in conjunc-
tion with Ago2 binding to Topl mRNA under AID activation.
Furthermore, Topl 3'UTR is necessary for the AID-dependent
reduction of Topl protein synthesis. Ago2 and AID localize in
RNA-binding protein fractions, and moreover, they bind to each
other. A candidate miRNA, miR-92a-3p showed a positive func-
tion in AID-dependent DNA cleavage, CSR, and SHM in
wild-type cells. However, this miRNA does not have an impact
on these events in Topl 3'UTRKO cells, suggesting that this
miRNA binds to Top1 3’UTR to achieve its function. Collectively,
these pieces of evidence indicate that AID associates with the
Ago2-miR-92a-3p complex and promote their binding to Topl
3'UTR for supporting the efficiency of CSR and SHM. Therefore,
the miRNA-induced suppressing complex (miRISC) decreases
the Top! protein under the regulation of AID to promote DNA
break efficiency.

Results

miRNA Pathway Is Involved in Efficient CSR in CH12 Cells. As
miRNA pathways are well-known posttranscriptional regulators
of protein synthesis, we screened proteins essential for miRNA
production for their contribution to CSR induced by cytokine
stimulation (CIT; IL-4, CD40 ligand and TGEF-p) (57 Appendix,
Fig. S2 A-E). To knockdown these factors, we used CRISPR-
interference (CRISPRI, SI Appendix, Fig. S2A), the gene-specific
inhibition of transcription. We generated CH12 cells stably
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transfected by “dCas9-KRAB”, a fusion protein of dead Cas9
enzyme and the transcriptional repressor KRAB. In these cells,
the gene-specific gRNAs that target the promoter region were
transiently transfected (S Appendix, Fig. S2A) (37). Knockdown of
Drosha, DGCRS, and Ago2 significantly decreased CSR efficiency
to less than half of the control (S/ Appendix, Fig. S2B) when their
expression is suppressed less than 20% of the control (S Appendix,
Fig. S2C). In contrast, knockdown of Dicer does not alter CSR
efficiency, indicating that this miRNA pathway functioning in
AID-dependent CSR may be noncanonical, Dicer-independent
and may instead be processed by Ago2 (38, 39). AID transcripts
are modestly (-60%) decreased by knockdown of Agol and Ago2,
whereas this level of effect does not explain the CSR decrease
(SI Appendix, Fig. S2D). Knockdown of these molecules does
not affect the expression of the Sp- and Sa-germline transcripts
(ST Appendix, Fig. S2E), suggesting the contribution of miRNA
pathways in CSR.

Ago2 Binds to the Specific Sites of Top1 mRNA in an AID-
Dependent Manner. The miRNA pathways involvement
in the regulation of CSR efficiency is shown; therefore, we
examined the binding between Ago2 and Topl mRNA. Using
immunoprecipitation of formaldehyde-fixed cell lysates (FA-
RNA-IP) with an anti-Ago2 antibody (Fig. 1 A and B), the AID-
dependent Ago2 binding to Topl mRNA was revealed by the three
different primer sets (cA, 3uB, and 3uC).

Since mapping of Ago2-binding sites with single-nucleotide res-
olution suggests the putative binding miRNAs, specific binding
sites of Ago2 to Topl mRNA were identified using photoactivatable
ribonucleoside cross-linking and immunoprecipitation (PAR-CLIP)
methods (Fig. 1 C-G, SI Appendix, Fig. S3, and Datasets S1-54)
(40). In this experiment, we utilized an inducible AID molecule,
AID-ER (41) to introduce AID in 293T cells that do not express
endogenous AID. AID-ER is a fusion protein of AID and the
ligand-binding domain of an estrogen receptor mutant, ER-T2 and
it is activated by a conformational change upon binding of the
estrogen analog, 4-hydroxytamoxifen (4-OHT) (42, 43).

As depicted in Fig. 1C, HEK293T cells that expressed AID-ER
(293T AID-ER) or the dead mutant AID, KSS-ER (293T
KSS-ER) (15) were incubated with 4-thiouridine (4-SU), irradi-
ated by 365-nm UV and their lysates were immunoprecipitated
by the anti-Ago2 antibody. Because the 4-SU, which is incorpo-
rated in Topl mRNA and cross-linked with the sulfate group in
Ago2 by UV, forms a base-pair with guanine (G) instead of adenine
during reverse transcription, uridine (U) to cytosine (C) conversion
in sequencing results indicates a footprint of Ago2-binding. When
the Topl mRNA is bound by the other protein, U to C conversion
by this binding will occur during PAR-CLIP procedure; however,
such Topl mRNAs will not be enriched by anti-Ago2 antibody.

Inrecovered cDNA fractions, the coding region (251st-2,548th of
Topl mRNA) and the 3'UTR (2,549th-3,629th) of Topl mRNA
(total 3,738 nt) were amplified using PCR and analyzed with
next-generation sequencing (Fig. 1 D and E). Topl mRNA from
293T-AID-ER cells shows the remarkable peaks of AID-specific
U to C conversion at the proximal region of 3'UTR (5’- and
3'dABs, Fig. 1E). These peaks do not appear in 293T-KSS-ER.
The frequency of the 5" peak in the AID-dependent U to C is
10.9% at 2,654th and that of the 3" peak is 25.1% at 2,672nd.
This outcome is reproduced in the other dataset (87 Appendix,
Fig. S3), as the 5" peak of the Ago2-dependent U to C is 14.8%
at 2,657th and the 3" two peaks are 22.8% at 2,670th and 22.2%
at 2,673rd. We named the 2,654th and 2,657th Us as 5’
AID-dependent Ago2-binding sites (5'dABs) and the 2,670th,
2,672nd, and 2,673rd Us as 3" dAB sites. Comparably, the peaks
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of U to C conversion from 3,004th to 3,006th are detected in
both AID-ER and KSS-ER cells; therefore we named them
AlID-independent Ago2-binding sites (1ABs).

To confirm whether these 5'- and 3'dABs and iABs are
Ago2-dependent or not, the corresponding Topl 3'UTR regions
were sequenced by Sanger sequencing, using the RNA fractions from
the 293T-AID-ER and 293T-KSS-ER cells similarly prepared using
4-SU and 365-nm UV-irradiation, but not immunoprecipitated
with anti-Ago2 antibody. As a result, these AID-dependent and
independent U to C peaks were not observed in the samples without
IP (Fig. 1 Fand G and Dataset S3), indicating that these dABs and
iABs are dependent on Ago2.

Deletion of Top1 3'UTR in CH12 Cells Decreases AlD-Dependent
CSR and SHM by Downregulation of DNA Break Frequencies. To
identify the function of Topl 3'UTR in AID-induced CSR, this
3’UTR was knocked out in CH12 F3-2A cells by CRISPR/Cas9
technology (S7 Appendix, Fig. S4). To observe the effect of 3'UTR
knockout without the influence of endogenous AID, exogenous
and inducible AID-ER was introduced.

Initially the 3"UTRKO-A and -C cells were evaluated for their
CSR, SHM in the 5" Sp region, germline transcripts, and Topl
mRNA (87 Appendix, Fig. S5 A~Eand Table S1). The 3"UTRKO-A
and -C cells showed lower CSR (81 Appendix, Fig. S5A) and SHM
efficiency (81 Appendix, Fig. S5 B and C and Table S1) without a
decrease in germline transcripts of Sp- and Sa- switch regions
(81 Appendiix, Fig. S5D). Topl mRNA with or without AID acti-
vation increased in 3"UTRKO cells (S7 Appendix, Fig. SSE).

However, endogenous AID in 3'UTRKO-C cells was lower
than in other cells (S7 Appendix, Fig. S5 F and G); therefore, mon-
oclonal cells among these 3'UTRKO cells were established
through limited dilution to pick up the cell lines that express AID
and AID-ER-3XFLAG equally (Fig. 2 4 and B). Since wild-type
#215 (W215), 3'UTR KO-A #102 (A102), B#43 (B43), C#1
(C1) showed similar AID and AID-ER expression, these clones
were used for further analysis. The germline transcripts analyzed
with the several primer sets, which cover I promoters and S
regions, did not show any decrease in 3"UTR-KO cell transcripts
compared to wild-type cells (S7 Appendix, Fig. S6).

The CSR efhiciency of all 3'UTRKO cloned cells, A102, B43,
and Cl1, were significantly lower than that of wild-type cells
(Fig. 2C). SHM of the 399 bp region 5’ to the repetitive core Spt
region was analyzed (S7 Appendix, Fig. S5B). SHM frequencies of
these 3'UTRKO clones were also significantly lower compared to
the wild-type (Fig. 2D and S7 Appendix, Table S2). To test whether
these lower CSR and SHM frequencies were caused by DNA break
insufficiency, AID-dependent DNA break level was analyzed using
DNA break assay with biotin-dUTP (Bio-dUTP) labeling (Fig. 2
Eand Fand S Appendix, Fig. S7).

Since 3" DNA ends cleaved by Topl is likely to retain
3'-phosphate (SI Appendix, Fig. S1) (6, 44), our previous method
was modified to include the step removing 3’'phosphate by T4
polynucleotide kinase (PNK) with 3'phosphatase activity (3'PTP)
prior to the labeling (Fig. 2E) (18). The treated 3’ OH-DNA break
ends were then labeled by Bio-dUTP and TdT. The result showed
areduction in DNA break frequency in the 3'UTRKO cells com-
pared to the wild-type cells (Fig. 2F and SI Appendix, Fig. S7),
demonstrating that their lower CSR and SHM than wild-type
cells are due to the suppression of the DNA cleavage step but not
the repair step. When DNA was processed by T4PNK without
3'PTP activity, the DNA break signal in W215 cells was lower
than that with 3'PTD, indicating the presence of 3’phosphate and
suggesting the contribution of Topl in AID-dependent DNA
cleavage (SI Appendix, Fig. S1).
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Agoz2 directly binds to the specific region of 3'UTR of Top1 mRNA. (4) (Top) The position of the primer sets in mouse Top1 mRNA. Primer sequences are

described in Dataset S5. (Bottom) Structure of human Top1 mRNA in HEK293T cells. (B) Top1 mRNA recruitment to Ago2 analyzed by RNA immunoprecipitation
with formaldehyde-crosslinking (FA-RNA-IP) and anti-Ago2 antibody in CH12 cells expressing AID-ER. Enrichment to Ago2 was shown by %input, the mean + SD of
a qPCR experiment. (C) Scheme of the photoactivatable ribonucleoside cross-linking and immunoprecipitation (PAR-CLIP) used for identification of Ago2-binding
sites in TopT mMRNA. (D and E) Locus-specific Ago2-binding sites detected by the PAR-CLIP assay and next-generation sequencing, focusing on the Top1 coding
region (D) and Top1 3'UTR region (E). The Top1 3'UTR has two AlID-dependent Ago2-binding sites (5’- and 3’ dABs) and an AlD-independent Ago2-binding site
(iABs). The repetitive analysis yielded a reproducible result (S Appendix, Fig. S3). (Fand G) Sanger sequencing of the partial Top1 mRNA regions corresponding to
5'-,3'dABs (F) and iAB (G) using total RNA from 293T-AID-ER and 293T-KSS-ER. These cells were treated by 4-SU and irradiated by 365 nm UV, but not processed

by RNA-IP with anti-Ago2 antibody.

Top13'UTR Is Necessary for Both of Ago2 Binding to Top1 mRNA
and AID-Dependent Top1 Protein Depletion. As Ago2 binds to
Topl 3'UTR (Fig. 1), a requirement of 3'UTR in Ago2 binding

40f12 https://doi.org/10.1073/pnas.2216918120

to Topl mRNA was analyzed in wild-type and 3"UTRKO-C1 cells
with FA-RNA-IP using an anti-Ago2 antibody (Fig. 3 A and B). In

wild-type cells, AID-activated samples showed greater enrichment
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Fig. 2. Deletion of Top1 3’'UTRin CH12 cells decreases AID-dependent CSR and SHM by downregulation of DNA break frequencies. (A) Isolation of monoclonal
cells from wild-type and Top1 3"UTRKO CH12 cells after stable AID-ER introduction. From wild-type cells, W215 cells were isolated. A102, B43, and C1 cells were
isolated from the three independent clones of Top1 3'UTRKO cell lines, 3'UTRKO-A, -B and -C, respectively. (B) AID and AID-ER amounts in wild-type and 3'UTRKO
cell lines shown by western blot. Representative pictures of the three independent experiments are shown. (C) CSR to IgA in the wild-type and 3'UTRKO cell lines.
The mean + SD of three experiments of 1gA% is shown. Statistical significance was calculated using Student's t test. ***P < 0.001. (D) Somatic hypermutation
frequency in wild-type cells and 3"UTRKO cells. Statistical significance was calculated using Fisher's exact test. (Left) W215, A102, and C1 cells were compared.
(Right) W215 and B43 cells were compared. *P < 0.05; ***P < 0.001. () lllustration of DNA break assay with biotin-dUTP labeling. 3'PTP + or -, T4 polynucleotide
kinase with or without 3’ phosphatase activity; Bio-dUTP, biotinylated 16-dUTP; TdT, terminal deoxynucleotidyl transferase; StreptAv, streptavidin beads. (F) DNA
break frequency detected by biotin-dUTP labeling in the wild-type and Top1 3'UTRKO CH12 cells, stimulated or non-stimulated with CIT. DNA break level in the
Sp region and the control GAPDH and Sy1 regions was evaluated. The primer sequences are shown in Dataset S5.

than nonactivated cells in all coding primer sets and 3'UTR
regions as expected. Compared to that, the enrichment signal of
the Top1 coding region in Topl 3'UTKO Cl1 cells decreased to
less than half of that in the wild-type cells, as demonstrated by
the three different primer sets. These results indicate that Topl
3’UTR is required for AID-dependent Topl protein reduction
because Ago2-binding to Topl mRNA largely depends on 3'UTR.

Since binding of the complex of Ago2 and miRNA to 3'UTR
generally results in the elimination of mRNA and translational
suppression, we evaluated the effect of 3'UTR deletion on
AID-dependent Top1 reduction by detecting soluble Top1 protein
to PBS-TritonX100 buffer in W215 and 3'UTRKO-A102, -B43
and -C1 cells as well as AID knockout (AIDKO) cells (Fig. 3C).
Measurement of the soluble Topl protein amount using Image]
and normalized to actin revealed that soluble Top1 was decreased
by AID activation only in wild-type cells while it was retained in

PNAS 2023 Vol.120 No.18 2216918120

Topl 3'UTRKO cells even after AID activation (Topl/Actin).
AIDKO cells also showed no decrease in soluble Top1 protein.
The difference in AID-dependent Topl reduction between
wild-type and 3'UTRKO cells suggests that 3'UTR is the sensor
of the AID's function and essential for this Top1 reduction.

To check for the correlation between Topl protein and its
mRNA, total Topl mRNA in whole-cell extracts was examined
(SI Appendix, Fig. S8). The results show that 4-OHT stimulation
does not change the total Topl mRNA level but CIT stimulation
reduces Topl mRNA. However, CI and CIT stimulations also
decrease total Topl mRNA even in the absence of AID as
AIDKO cells show, suggesting that this change is not dependent
on AID's function but on cytokine stimulation. Comparing the
soluble Top1 protein and total Topl mRNA, soluble Top1 pro-
tein change was not explained by total Topl mRNA recovered
from whole cells.
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Fig.3. Top13'UTRis necessary for AID-dependent Top1 protein depletion as well as Ago2 binding to Top1 mRNA. (4) Mouse Top1 mRNA and primer sets used
for gRT-PCR in the Ago2-FA-RNA-IP experiment (B). (B) Enrichment of Top1 and GAPDH mRNA to Ago2 protein analyzed by FA-RNA-IP with an anti-Ago2 antibody.
The mean + SD of the triplicate wells of the gPCR analysis is shown. The primer sequences are shown in Dataset S5. (C) Western blot of wild-type and 3'UTRKO
cells, showing Top1 protein amounts in PBS-TritonX-100 fraction after AID activation. The representative picture of the three experiments is shown. AIDKO cells
do not harbor AID-ER. The triangles show the loading amount of the lysates, the right lane contains 1.5 volume of the left lane in each sample. The Top1/Actin
ratio was compared between the stimulated and the non-stimulated cells of each cell line. Arrows indicate the two samples compared.

Top1 3'UTR Is Necessary for AlD-Dependent Repression of
Top1 Protein Synthesis. Because the analysis of total Topl
mRNA does not correlate with the soluble Topl protein, AID-
dependent change of Top1 translation was examined by polysome
fractionation (Fig. 44) (45) in wild-type and 3'UTRKO-C1
cells three times. The experiments were named Expl (AID-ER
activation by 4-OHT, Fig. 4 B-I), Exp2 (AID-ER activation,
SI Appendix, Fig. S9), and Exp3 (endogenous AID activation
by CIT, SI Appendix, Fig. S10). The plots of optical density
(OD) at 254 nm showed no difference in the global translation
profile between wild-type and Top1 3"UTRKO cells (Fig. 4B and
SI Appendix, Figs. S9A and S10 A and B).

Distribution of Top1 and other mRNAs was examined in the
pooled ten fractions (#1-#10) as well as upper (up), and bottom
(bottom) sucrose solutions (Fig. 44). The input amount of Top1
mRNA was higher in 3'UTRKO-CI1 cells than W215 cells,
though, each mRNA showed an almost equal level of the input
amount among the four samples, W215 and 3'UTRKO-C1 cells
with or without stimulation in Expl and Exp2 (Fig. 4D and
SI Appendix, Fig. S9B). We calculated the recovery ratio of each
mRNA in the fractions by comparing the mRNA amount of
each fraction and input (%input). Recovery ratio of Topl
mRNA showed a decrease especially in the highly translated, the
pooled RNA fractions #8, in AlD-activated cells compared to
the nonstimulated wild-type cells, whereas this decrease via AID
activation was not observed in the 3"UTRKO-CI1 cells (Fig. 4F
and ST Appendix, Fig. S9C and S10 D and E). This means that
the AID-dependent decrease in the recovered Topl mRNA in
the highly translated fractions required the 3'UTR. Additionally,
Topl mRNA was widely distributed in the lighter fractions in
3'UTRKO-C1 cells, whereas it was mostly localized to frac-
tion #8 at ~40% input in W215 cells. This indicates that not
all of the increased Topl mRNAs in 3'UTRKO cells was
translated. The control beta-2 microglobulin (2M) mRNA
distribution did not show the difference between wild-type
and 3'UTRKO cells and was not affected by the presence or
absence of AID activation (Fig. 4Fand S Appendix, Figs. SOD and
S10 Fand G).

Topl and p2M mRNAs are 3,856 and 860 nucleotides (nt)
in mice, respectively; therefore, the distribution of longer mRNA
is supposed to shift toward the heavy side, the highly translated
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polysome fractions. Topoisomerase 2 alpha (Top2a) of 5,221 nt
and topoisomerase three alpha (Top3a) of 3,741-nt mRNAs
were examined to check the quality of the heavy fractions around
#8. As shown in Fig. 4 Gand A and SI Appendix, Fig. S9
E and F, distribution peaks of Top2a and Top3a mRNAs in the
fractions #9 and #6-#7 certified the quality of the heavy fractions
obtained from the stimulated W215 cells. Their distribution
patterns also did not reveal any difference between the analyzed
four samples, suggesting the specificity of AID-dependent and
3'UTR-mediated Topl mRNA decrease in the heavy
fractions.

The total recovery rate, or the summation of the recovery rate
of each fraction, was calculated in Exp1-Exp3 (Fig. 41). Surprisingly,
the total recovery rate (%input) did not reach 100% in all the
mRNAs examined here, showing that some sort of loss of mRNA
generally occurs during polysome fractionation. Notably, Top2a
was recovered only at ~40% of input. However, it is unlikely that
this loss of mRNA is due to a simple, random, and artificial deg-
radation by technical problems, because 1) $2M, Top2a and Top3a
mRNAs were recovered at a similar level from the four samples
examined here, and 2) their total recovery rate is reproducible
throughout the Exp1-Exp3, suggesting some underlying mecha-
nism proprietary to each mRNA. Particularly, more decrease in
Topl mRNA recovery rate in AlD-activated cells was only
observed in wild-type cells but not in 3"UTRKO cells. Together,
translational block was not detected unexpectedly, but the specific
decrease in Topl mRNA in an AID- and Top1 3'UTR-dependent
manner was observed.

To examine the Top1 protein synthesis directly, the newly syn-
thesized Top! protein was examined by the azidohomoalanine
(AHA) method (Fig. 4 /~L) as previously performed (15). After
incubation of AID-ER-activated cells with AHA in culture, their
lysates were biotinylated and the purified proteins from them were
trapped by streptavidin beads (Fig. 4/). The newly synthesized
Topl amount averaged from the three independent experiments
revealed that the newly synthesized Top1 was reduced by 0.2 pM
4-OHT-stimulation only in W215 cells, whereas that in Topl
3'UTRKO-C1 cells was not decreased by AID-ER activation
(Fig. 4 Kand L). This result supports the finding that the
AID-dependent decrease in Top1 protein synthesis requires Top1
3'UTR.
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Fig. 4. AID-dependent suppression of Top1 protein synthesis is mediated byTop1 3'UTR. (4) lllustration of polysome analysis procedure for evaluation of
translation of TopT mRNA. (B-/) The results of Exp1 among the polysome fractionation experiments performed three times. The results of Exp2 and Exp3 are
shown in S/ Appendix, Figs. S9 and S10. (B) Optical density at 254 nm of each fraction of polysome analysis from wild-type W215 (Left) and 3'UTRKO-C1 (Right)
cells. (C) Color codes for W215 and 3'UTRKO-C1, which are stimulated and nonstimulated. The codes are shared throughout Fig. 4 (D-/) and S/ Appendix, Figs. S9
B-F and S10 C-G. (D) Input mRNA amount of Top1, DNA topoisomerase 2 alpha (Top2a) and DNA topoisomerase three alpha (Top3a) normalized by $2M. The
signals are normalized by the signal of the nonstimulated (NS) W215 cells’ value (=1). (E-H) mRNA distribution in the polysome fractions analyzed by RT-qPCR.
Top1 (E), p2M (F), Top2a (G), and (Top3a) (H) MRNA from 4-OHT-stimulated or not stimulated W215 and 3'UTRKO-C1 cells. The mean + SD of the triplicate wells
of the qPCR analysis is shown. Primer sequences are displayed in Dataset S5. (/) Total recovery rate of each mRNAs analyzed in the polysome fractionation,
shown as % to each input amount (%input). Exp1 are the data from Fig. 4 (E-H), Exp2 from S/ Appendix, Fig. S9 C-F and Exp3 from S/ Appendix, Fig. S10 D-G. Arrows
indicate decrease in total recovery rate in Top1 mRNA. ()) lllustration of the method for monitoring of the newly translated proteins by L-azidohomoalanine
(AHA)-labeling. Newly synthesized Top1 and GAPDH were detected. (K) Representative western blot picture of newly synthesized Top1 and GAPDH in W215 and
3’UTRKO-C1 cells stimulated by the indicated concentration of 4-OHT. “Trapped” shows the newly synthesized proteins. The triangles mean the increment of
4-OHT concentration used in each lane. (L) The band intensity of Top1 and GAPDH of western blot pictures of three independent experiments was measured
by Image] and tested by Student's t test.
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AID Localizes to RNA-Binding Protein Fractions and Binds to
Ago2. Because the binding of Ago2 to Top1 3'UTR was observed
(Fig. 1), the distribution of Ago2 in polysome fractions was
examined (Fig. 54 and SI Appendix, Fig. S11). As previously
reported, Ago2 localizes polysome fractions widely because of
its RNA-binding ability (46). To estimate AID’s function in the
regulation of Topl mRNA, the distribution of AID-ER or AID
was also tested. Interestingly, 4-OHT-activated AID-ER localizes
in the wide range of polysome fractions similar to Ago2, while
nonactivated AID-ER localizes limitedly in the upper and #1-#2
fractions. It suggests that AID-ER acquires RNA-binding capacity
only upon 4-OHT activation. These distributions of Ago2 and
AID-ER were observed even in 3'UTRKO-C1 cells, indicating
their RNA-binding capacity to the other RNA than Topl mRNA.
Ribosomal protein large 26 (RPL26) is a representative ribosomal
protein localizing in polysome fractions (47). BActin (Act-b) and
GAPDH remain in the upper and #1 fractions because they are
cytoskeleton and cytoplasmic enzyme proteins, respectively.

As Ago2 and AID localize to a similar range of RNA-binding
protein fractions, the interaction between Ago2 and AID was
tested by coimmunoprecipitation (Fig. 5 B and Cand S/ Appendix,
Fig. $12). The 3XFLAG-tagged AID-ER traps Ago2 (Fig. 5Band
SI Appendix, Fig. S12 A and B) and inversely, 3XFLAG-tagged
Ago2 pull down the endogenous AID (Fig. 5C and SI Appendix,
Fig. S12C). This suggests that AID may possibly bind to Ago2 for
the regulation of miRNA-mediated binding to Topl mRNA.

Selection of the Candidate miRNAs Binding to 5'- or 3’ dAB Sites
of Top1 3'UTR from Ago2-Binding miRNA Fractions. The AID-
dependent Ago2-binding sites in Topl mRNA (Fig. 1) suggested
that Topl mRNA is regulated by miR-Ago2 complex, especially

upon activation of AID. To identify potential miRNAs that bind
to Topl 3'UTR, the libraries of small RNA fractions of 293T-AID-
ER and 293T-KSS-ER enriched to Ago2 were prepared using PAR-
CLIP methods, then sequenced using SOLID deep sequencing
(Dataset S4). The obtained reads were filtered according to the
following (81 Appendix, Fig. S13 A—C and Dataset S4): their read
numbers, the ratio of expression frequencies in AID-ER cells vs.
that in KSS-ER cells, their conservations between humans, mice,
and rats, and the possible alignment with flanking sequences of
5’- and 3'dAB sites. Since not only the seed region but also its 3’
side sequences contribute to miRNA binding with targets (48, 49),
the alignment of the conserved 21 putative miRNAs to the 5'-
and 3'dAB in Topl mRNA were manually assessed (S Appendix,
Fig. S13Cand Dataset S4). miRNA binding to the region of Top1
3'UTR was deemed possible if the serial matching nucleotide
number extends beyond six. As a result, 10 sequences of miRNA
candidates, converged into the six putative miRNAs, remained
as the candidates binding to Top1 3'UTR (87 Appendix, Fig. S13
B and C and Dataset S4). These were divided into two groups;
5 miRNAs related to 5'dAB and a miRNA related to 3’dAB.
Although miR-499 was not included among these six candidates,
the TargetScanMouse 7.2, a prediction tool of miRNA to 3'UTR
of mRNAs suggested this miRNA's binding to 5'dAB in Topl
3'UTR.

We examined the enrollment of these candidate miRNAs,
miR-92a-3p, miR-320a-3p, miR-378-3p, miR-532-5p, miR-125b-1,
and miR-193a-5p in CSR through overexpression by miRNA mimics
or inhibition by locked nucleic acid (LNA) oligos. As observed in
our findings (SIAppendix, Fig. S13D), the overexpression of
miR-92a-3p slightly up-regulates, and its inhibition down-regulates
CSR, showing that the amount of miR-92a-3p tended to correlate
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Fig.5. Ago2and AID localize in RNA-binding fractions and AID interacts with Ago2. (A) Distribution of Ago2 and AID in the polysome fraction samples shown in Fig. 4
(B-1). Anti-ribosomal protein large 26 (RPL26) antibody was used as the control, showing the protein recovery from each fraction. Anti-p-actin(Act-b) and -GAPDH
antibodies were used as the control of the proteins that do not bind to RNA. (B and C) Interaction of AID and Ago2 proteins detected by coimmunoprecipitation.
The cells that overexpressed either 3XFLAG-tagged AID-ER (B) or 3XFLAG-tagged human Ago2 (hAgo2) (C) were used. An arrow and arrowheads show ago2 and
AID-ER (B) or AID (C), respectively. The reproducible data are shown in S/ Appendix, Fig. S12.
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with AID-dependent CSR. It is unclear why the inhibitory efficiency
of miR-92a-3p is higher than its overexpression efficiency; however,
one possible reason could be the abundance of miR-92a-3p, which
is highly expressed in B lymphocytes compared to the other candidate
miRNAs, as shown in S/ Appendix, Fig. S13B and Dataset S4.
Therefore, inhibiting miR-92a-3p may be easier than overexpressing
it. The other five miRNA mimics marginally affect CSR efficiency.

The effect of these candidate miRNAs on Top1 protein amount
was tested (S Appendix, Fig. S14). Since the change in IgA expres-
sion was modest upon overexpression of these miRNAs, a small
difference in Topl protein levels was expected. As a result, all
4-OHT-stimulated cells with miRNA overexpression showed a
decrease in Top1 protein levels to almost half that of the control
(SI Appendix, Fig. S14A). Additionally, even the 4-OHT-stimulated
cells with miR-92a-3p overexpression, which showed slight upreg-
ulation of IgA expression, did not exhibit further decreases in Top1
protein levels. Supporting this, there was a correlation between
the abundance of Top1 protein and the intensity measured in the
western blot picture; however, the sensitivity of this method was
not high enough to detect small differences in Top1 protein levels
(SI Appendix, Fig. S14B). Therefore, the difference in Top1 protein
decrease upon AID activation between the cells with control and
miR-92a-3p overexpression was not detected. In contrast, the
effect of inhibiting miR-92a-3p on Top! protein levels was clear,
as the decrease in Topl protein caused by AID activation was
abolished in miR-92a-3p inhibition cells (S/ Appendix, Fig. S14C),
likely due to a sufficient difference in IgA expression (-30% of
the control) in this case.

miR-92a-3p Contributes to AID-Dependent DNA Cleavage and
Top1 Protein Reduction through 3'UTR of Top1 mRNA. Since
miR-92a-3p’s amount positively correlates with CSR efficiency
(SI Appendix, Fig. S13D), it was supposed that miR-92a-3p
binds to Topl 3'UTR and suppresses Topl protein synthesis.
To examine its function, miR-92a-3p was knocked down using
S-TuD oligos (Fig. 6).

Through the knockdown of miR-92a-3p, CSR has reduced to
almost half of the control in wild-type W215 cells; however, this
knockdown did not impact CSR in the 3"UTRKO cells, A102,
B43, and C1 cells (Fig. 6A). The other candidate, miR-499 does
not have any effect on CSR. The combination of knockdown of
miR-92a-3p and miR-499 does not show any additive effect com-
pared to miR92a-3p (Fig. 6B). By implementing this knockdown,
the miR-92a-3p amount, normalized by snoRNA202, was lowered
to almost 10% of the control in both CIT-stimulated and non-
stimulated wild-type W215 cells (Fig. 6C). Topl mRNA normal-
ized by f2M mRNA was not largely changed following the
knockdown of miR-92a-3p in wild-type cells (Fig. 6D). Germline
transcripts of 5'Sp and 3’Sat regions also did not decrease follow-
ing this knockdown (Fig. 6 £ and F). Knockdown of miR-92a-3p
decreased the frequency of SHM in 5'Sp core region in W215
cells but notin Top1 3'UTRKO CI cells (Fig. 6G and SI Appendix,
Table S3). Analysis of AID-dependent DNA break levels using
DNA break assay with biotin-dUTP labeling showed a decrease
in the DNA break frequency following the knockdown of
miR-92a-3p in wild-type cells (Fig. 6 and SI Appendix, Fig. S15
A and B). The samples processed without 3'PTP activity show
only insufficient difference between the control and knockdown
of miR92a-3p, suggesting the presence of 3’phoshate at the break
ends produced by Topl-mediated DNA cleavage (SI Appendix,
Figs. S1 and S154).

Top1 protein amount change by AID activation was compared
between the miR-92a-3p-knockdown and control cells. The
wild-type W215 cells transfected by the control oligos showed the
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AID-dependent decrease to Topl protein (Top1/Actin, 0.8 vs.
1.8, stimulated vs. nonstimulated, Fig. 6 7, 7op). However, this
decrease is absent in W215 cells transfected by anti-miR-92a-3p
(Top1/Actin, 0.7 vs. 0.8, stimulated vs. not stimulated). In Top1
3'UTRKO-C1 cells, Topl/Actin was unchanged following the
knockdown of this miRNA (Fig. 6 7, Bortom). miR-92a-3p knock-
down did not decrease AID protein in both W215 and
3'UTRKO-CT cells.

Collectively, the knockdown of miR-92a-3p in wild-type cells
reproduces the phenotype observed in Topl 3'UTRKO cells,
indicating that miR-92a-3p supports the function of Ago2 by
binding to Top1l 3'UTR and decreasing Top1 protein amount in
an AID-dependent manner.

Discussion

In this study, we identified the Topl 3'UTR-mediated contribu-
tion of Ago2 and miR-92a-3p in the AID-dependent repression
of Top1 protein synthesis.

miR-92a-3p was found in the miRNA cluster, mir-17-92 poly-
cistron, which was amplified in human B cell lymphoma and
originally referred to OncomiR-1 (50). This miRNA cluster is
well-conserved (51) and they exhibit a variety of expression profiles
and functions in the aspects of oncogenesis and development
(52, 53). Here, miR-92a-3p is identified as the positive regulator
in Ig gene diversification. Our results proposed the base-pairing
frame in miR-92a-3p binding to the adjacent region of 5'dAB in
Topl mRNA (87 Appendix, Fig. S13C), whereas this frame does
not follow the classical seed pairing in which guide (g) nucleotides
g2-¢7 in miRNA align to the target mRNA (54, 55), as g7-g12
nucleotides of miR-92a-3p pair to the adjacent part of 5'dAB in
3'UTR of Topl mRNA in this case. However, this pairing of
miR-92a-3p to 5'dAB via g7-gl2 may be possible, because the
novel “seed-independent” class of miRNAs was identified and
reported from the two independent groups. They both used the
method of Ago2-crosslinking immuno-precipitation with RNA
ligase that allows the ligation of the miRNAs to the target mRNAs.
The miRNA-binding profiles were categorized based on their
base-pairing patterns (48, 49). They detected the diversified pat-
terns of paring interactions, in that the central to 3’ side of miRNA
sequences base-pair to the targets. In particular, miR-92a showed
the highest enrichment in the “nonseed” class (class IV) in one
report (48) and “seed pairing plus supplementary 3’ pairing clus-
ter” (£ = 2) in the other report (49).

The molecular mechanism of AID's direct action to Ago2 and
miR-92a-3p for repressing Topl protein synthesis still remains
elusive. Since AID is presumably an RNA-editing enzyme (35, 56),
it would be possible that AID's editing of pri- or pre-miRNA, or
the mature sequence of miR-92a-3p converts this miRNA to be
more efficient in binding with 5'dAB, which locates in Topl
3'UTR. Although it is purely speculative, g19 cytosine editing
to uracil by AID in the 3’ part of matured miR-92a-3p may
increase the pairing length and may further stabilize this inter-
action (8I Appendix, Fig. $16). If Ago2-binding AID recognizes
the g19 cytosine in miR-92a-3p loaded on Ago2 and edits this
cytosine, miR-Topl mRNA binding may be more stable. This
notion is supported by structural analysis of the model of the
Ago2 complex and a miRNA, suggesting that the supplementary
pairing of the 3’ part of miRNA allows an increase in aflinity
(55). Congruent with this report, the RNA ligase-mediated anal-
yses of the mRNA-miRNA interaction revealed that the large
part of miRNAs exhibit 3’ sequences that bind to their targets
and to the seed sequences, suggesting an auxiliary function of 3’

sequences (48, 49).
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Fig. 6. miR-92a contributes to AID-dependent DNA cleavage and Top1 protein reduction through 3'UTR of Top1 mRNA. (A) Effect of miR-92a-3p (miR-92a)
knockdown by S-TuD miRNA inhibitors on CSR of CH12 cells, wild-type, and 3'UTRKO-C1 cells. The mean +SD of three experiments is shown. Statistical significance
was calculated using Student’s t test. Effects of knockdown of miR-499-5p (miR-499) and miR-21-5p (miR-21) are also shown. (B) IgA switching efficiencies after
transfection with S-TuD miRNA inhibitors against miR-92a and miR-499, respectively, or in combination. (C) The amount of miR-92a-3p normalized by snoRNA202
in miR-92a-3p knockdown. The mean +SD of triplicate of the qPCR experiment is shown. (D-F) Expression of Top1 (D), Sp (E)- and Sa (F)-germline transcripts
following the knockdown of miR-92a-3p. The mean +SD of the three experiments is shown. (G) Somatic hypermutation frequency in wild-type and 3'UTRKO-C1
cells after the knockdown of miR-92a-3p. Statistical significance was calculated using a Fisher's exact test. *P < 0.05; ***P < 0.001. + means miR-92a-3p and—
means the control S-TuD oligos. (H) AID-dependent DNA break frequency in the cells of knockdown of miR-92a-3p in wild-type cells detected by biotin-16-dUTP
labeling. CIT-stimulated and nonstimulated cells were compared. The primers are described in Dataset S5. (/) Top1 protein amount in PBS-TritonX-100 fraction
in wild-type and Top1 3'"UTRKO-C1 cells following the knockdown of miR-92a-3p and revealed by a western blot. The intensity of each band was quantified using
Image] to calculate the Top1/actin ratio. The representative picture of the three experiments is shown. The triangles show the loading amount of the lysates,
the right lane contains 1.5 volume of the left lane in each sample.

On the other hand, Topl mRNA editing by AID was not
strongly anticipated, because no remarkable C to U editing was
identified in Topl mRNA in our PAR-CLIP experiments (Datasets
S1 and S2) with anti-Ago2 antibody, suggesting that Top] mRNA
is not the direct RNA editing target of AID.

Top! protein synthesis was decreased in an AID-dependent
and Topl 3'UTR-mediated manner. Polysome fractionation
suggested that not by translational block but by elimination of
Topl mRNA by AID through Topl 3'UTR. This suggests the
possibility of function of miRNA-Ago2-AID pathway to Top1

mRNA in sucrose gradient. However, it is still questionable
whether miRNA-Ago2-complex can be active to eliminate their
target mRNA in polysome fractionation. As the cell lysis buffer
and the sucrose solution used in this polysome analysis con-
sisted by HEPES-KOH, KCl, MgCl2 and 0.05% NP-40 and
supplemented by the several inhibitors to RNases, proteinases
and translation, these solutions may not completely inhibit the
activity of miRNA-Ago2 complex. Interestingly, approximately
60% of Top2a mRNA, a target of miR-139-5a (57), was lost
during fractionation.

pnas.org
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Although questions remain about the molecular mechanisms
underlying the AID-dependent and 3"UTR-mediated reduction of
Topl mRNA, the newly synthesized Top proteins are also decreased
in the same fashion. Together with the other pieces of evidence,
such as 1) 3'UTR requirement in AID-dependent DNA cleavage
and Ago2 binding to Topl mRNA, 2) interaction of AID and Ago2,
3) miR-92a-3p’s positive effect on Top1 protein decrease and DNA
cleavage through Top1 3'UTR, leads to a speculative answer, that
binding of the AID-Ago2-miR92a-3p tertiary complex to Topl
3'UTR causes a posttranscriptional decrease in Topl mRNA.
Ultimately this AID-dependent, 3"UTR-mediated Top1 decrease
alters the DNA secondary structure to non-B-DNA at IgH S
regions, facilitating AID-dependent DNA cleavage (Fig. 7) (15, 16).

In our experiments, total Topl mRNA did not directly correlate
with soluble Top1 protein amount (Fig. 3Cand ST Appendix, Fig. S8).
The reason is unknown; however, complexity of subcellular localiza-
tion of Topl mRNA will be one of them. For example, we have
detected localization of Topl mRNA in P-bodies which is the con-
densation of repressed mRNA regulons (58) (S7 Appendix, Fig. S17).
If the Topl mRNA is sequestrated to these ill-defined cytoplasmic
RNA bodies and further regulated, Top] mRNA amount in whole-cell
extract could not be reliable to fully explain the change of soluble
Top! protein according to the AID activation.

T4PNK with 3'PTP activity has not previously been applied in
DNA break assay using Bio-dUTP and TdT, however, we have
found that addition of 3'PTP treatment increases the sensitivity of
DNA break assay (Fig. 2F and SI Appendix, Fig. S15A4). 3'phos-
phates at the DNA break ends are generally formed by irradiation,
alkylating reagents, oxidation, DNase2, Top2 or Top1 (44, 59, 60).
Topl-mediated DNA break ends are supposed to be repaired by
Top1 protein degradation by the proteasome, followed by process-
ing with TDP1 to remove catalytic tyrosine in the remnant of Top1,
which leaves 3'phosphates at the DNA break ends (61) (S Appendix,
Fig. S1). Even without 3'PTP, we could still detect the difference
between stimulated and non-stimulated, but it was not sensitive
enough to detect the difference between wild-type and 3'UTRKO
cells. This suggests that some of the 3’phosphates will be removed
in vivo by the endogenous 3'phosphatases such as PNKD, aprataxin,
and/or apurinic/apyrimidinic endonuclease 1 in the cells (11).
Considering the other possibilities, irradiation and oxidation can
be excluded as the cause of AID-dependent DNA cleavage. DNase2
generally localizes in lysozyme to eliminate the exogenous DNA or
in nucleus to degrade DNA at the occasion of apoptosis (62). As

AID-Ago2-miRNA

complex @
@ Ago2 Decreased
E> T°| 1 mRNA o l E> Top1 protein
go2 LA B A
T 4 synthesis
miR-92a-3p 5'dAB
Another AID’s Non-B DNA
function
Efficient & structure

Irreversible DNA
cleavage by the
remaining Topl

[Highly transcribed Ig locus]

Fig. 7. Possible regulation of AID-dependent decrease in Top1 protein
synthesis and enhancement of DNA cleavage by the Ago2-miR complex. AID
promotes loading of the Ago2-miR-92a-3p complex onto the 5'dAB sites in
3'UTR of TopT mRNA, which decreases Top1 protein synthesis. As the result,
the non-B-DNA structures accumulate at this actively transcribed IgH gene
locus, enabling efficient DNA cleavage. Since Top1 decrease is necessary but
not sufficient for provoking DNA breaks, AID's function separate from Top1
reduction triggers highly frequent and irreversible DNA cleavage mediated
by the remaining Top1.
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we removed dead cells from the cells used for this DNA break assay,
the involvement of DNase2 is unlikely. Because AID-dependent
breaks are staggered type DNA break ends but not the blunt type
double-stranded DNA break (63), Top2 is not considered as the
responsible enzyme in this case. Since base excision repair-induced
single-stranded breaks (SSBs) by APE1 form 5'-terminal abasic
sugar and 3'-OH, and Top1-induced SSBs leaves 3'phosphate after
removal of tyrosine residue by TDP1 (44, 60), presence of
3’-phosphate at AID-dependent DNA break ends suggests the con-
tribution of Top1 (8] Appendix, Fig. S1). Therefore we again propose
that Top1 cleaves IgH gene in an AID-dependent manner (Fig. 7).
However, a concern will remain that whether the reduced half
amount of Top1 can really cut the non-B-DNA in IgH gene. It
should be addressed in the future.

In summary, we here show AID-dependent control of Topl
protein synthesis through miR-92a-3p and Ago2; however, further
research will be required for identifying the AID’s precise molecular
function, which uncovers interaction mechanisms between this
miRNA and Topl mRNA and RNA-editing by AID. Moreover,
it is supposed that AID has another function to provoke DNA
cleavage (Fig. 7). We previously found that 24 to 48-h Top1 knock-
down alone (without AID activation) induces non-B-DNA struc-
ture; however, it does not provoke sufficient level of DNA break
or CSR increment (15). In short, a Top1 decrease is necessary for
efficient DNA cleavage but not enough to trigger DNA cleavage
within a few days. Compared to that, induction of genomic insta-
bility is possible if Topl knockdown is persistent (23, 24). This
indicates that another type of DNA damage will trigger DNA
cleavage in chronic Topl decrease. Features of AID other than
Top1 reduction could also be the focus of further studies.

Materials and Methods

Cell Culture and Stimulation to Induce AID Expression. CH12 cells were
cultured as described in previous work (15). AID was induced using a combination
of cytokines CD40 ligand (generated in our laboratory), IL-4 (Wako), and TGF-8
(R&D). AID-ER was activated using 1 uM of 4-OHT.

Additional details of the other methods used in this study are reported in
Sl Appendix.

Data, Materials, and Software Availability. BioSample accession number of
the raw data obtained by next-generation sequencing (NGS) is PRINA887827
(64). The processed data by NGS are available in Datasets S1-S3. Other data of
the additional protocols are available in the main manuscript and S/ Appendix
with Dataset S5. Cell lines and plasmids are available from the corresponding
author upon request.
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