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ARTICLE INFO ABSTRACT

Somatic hypermutation (SHM) of Ig genes is initiated by activation-induced cytidine deaminase (AID) and re-
quires target gene transcription. A splice isoform of SRSF1, SRSF1-3, is necessary for AID-dependent SHM of IgV
(AID) genes. Nevertheless, its exact molecular mechanism of action in SHM remains unknown. Our in silico studies
Somatic hype"_nmation (SHM) show that, unlike SRSF1, SRSF1-3 lacks a strong nuclear localization domain. We show that the absence of RS
Isr;h"; ‘il;‘goiogz‘;:;ysg]){sg:lni domain in SRSF1-3 affects its nuclear localization, as compared to SRSF1. Consequently, SRSF1-3 is pre-
Topoisomerase 1 (TOP1) dominantly present in the cytoplasm. Remarkably, co-immunoprecipitation studies showed that SRSF1-3 in-

teracts with Topoisomerase 1 (TOP1), a crucial regulator of SHM that assists in generating ssDNA for AID
activity. Moreover, the immunofluorescence studies confirmed that SRSF1-3 and TOP1 are co-localized in the
nucleus. Furthermore, Proximity Ligation Assay corroborated the direct interaction between SRSF1-3 and TOP1.
An interaction between SRSF1-3 and TOP1 suggests that SRSF1-3 likely influences the TOP1 activity and con-
sequently can aid in SHM. Accordingly, SRSF1-3 probably acts as a link between TOP1 and SHM, by spatially
regulating TOP1 activity at the Ig locus. We also confirmed the interaction between SRSF1-3 and AID in chicken
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B-cells. Thus, SRSF1-3 shows dual-regulation of SHM, via interacting with AID as well as TOP1.

1. Introduction

The processes of somatic hypermutation (SHM) and class switch
recombination (CSR) of immunoglobulin (Ig) genes are initiated by the
activation-induced cytidine deaminase (AID). These processes are im-
portant for the generation of antibody repertoire, which ultimately
assists in combating against a diverse range of pathogens. Thus, the
absence of AID results in immunodeficiencies (Conley et al., 2009), but
on the other hand, AID is a dangerous mutator. Numerous proto-on-
cogenes have been reported to be targeted by AID in B-cells
(Pasqualucci et al., 2001; Shen et al., 1998). In fact, aberrant AID ex-
pression can lead to genomic instability, chromosomal translocation,
even leading to tumorigenesis (Choudhary et al., 2018; Pasqualucci
et al., 2008). The precise molecular mechanism by which AID targets Ig
genes still remains enigmatic. Nevertheless, the process of SHM requires
transcription initiation (Peters and Storb, 1996) as well as elongation

(Kodgire et al., 2013).

Progression of the replication as well as transcription machinery on
the DNA template generates negative and positive supercoiling, up-
stream as well as downstream of the replication fork and the tran-
scription bubble, respectively (Yu and Droge, 2014). AID acts only on
the ssDNA that is generated during the process of transcription (Wang
et al., 2014). Typically, TOP1 relieves the supercoiling generated
during transcription (Pommier, 2006). As expected, a decrease in the
TOP1 levels increases SHM frequency in B-cells, and contrarily, over-
expression of TOP1 suppresses SHM (Kobayashi et al., 2011). Con-
sistently, TOP1 deficiency in knockdown cells leads to RNA polymerase
II (RNA Pol II) accumulation and enhanced AID access to the Ig variable
genes (Maul et al., 2015). However, spatial regulators of TOP1 at the Ig
locus are not known yet.

AID has been reported to be linked with various proteins, including
splicing-related factors, such as PTBP2 (Nowak et al, 2011) and

Abbreviations: AID, activation-inducedcytidine deaminase; CSR, classswitch recombination; Ig, immunoglobulin; Pol, RNApolymerase II; SHM, somatichypermu-
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CTNNBL1 (Conticello et al., 2008). Though, the role of these splicing
factors in the directing AID to SHM targets and Ig diversification is
largely unknown. A key splicing regulator called polypyrimidine tract
binding protein-2 (PTBP2) acts as an AID interactor and enhances the
binding of AID to switch region of DNA (Nowak et al., 2011). In fact,
high-resolution confocal microscopy experiments with live cells ex-
pressing fluorescently tagged AID revealed that AID is localized to the
sub-nuclear domains that are enriched in the splicing and RNA pro-
cessing factors (Hu et al., 2014). Thus, changes in any of the spliceo-
some components might feasibly affect the targeting of AID. Indeed, a
splice isoform of SR protein, serine/arginine-rich splicing factor 1
(SRSF1), SRSF1-3, is a key splicing regulator that is essential for the
AID-dependent SHM apparatus to target the IgV genes. SRSF1-3 is
crucial for the AID-dependent SHM machinery by restoring and en-
hancing the hypermutation rate of IgV genes in chicken B-cells
(Kanehiro et al., 2012). Additionally, SRSF1-3 is also known to be in-
volved in the buildup of AID inside the nucleus, and this accumulation
is dependent on the AID C-terminal domain (Kawaguchi et al., 2017).
However, the precise role of SRSF1-3 in SHM is yet largely unclear. In
this study, we are interested to understand the molecular mechanism of
an important splicing regulator, SRSF1-3, in SHM.

Here, we employed in silico studies and confocal microscopy tech-
niques to study the subcellular localization of SRSF1-3, as well as per-
formed co-immunoprecipitation, colocalization and PLA studies to
identify and confirm the interacting partners of SRSF1-3 that may have
a potential role in SHM of Ig genes.

2. Results
2.1. In silico studies for SRSF1 and SRSF1-3

SRSF1-3, a splice isoform of SR protein SRSF1, is essential for AID-
dependent SHM of IgV genes. Typically, the SR proteins have two dis-
tinct motifs, i.e., 1-2 RNA recognition motif (RRM), generally present at
the N-terminus, and an RS domain consisting of multiple arginine and
serine amino acids, at the C-terminus (Shepard and Hertel, 2009). In-
cidentally, the chicken SRSF1 locus codes for a 247 amino acid protein,
which is involved in splicing, can also generate two splice variants
namely SRSF1-2 and SRSF1-3 (previously known as ASF-2 and ASF-3,
respectively) (Ge et al., 1991). The functions of these splice variants still
remain enigmatic. We performed sequence alignments between chicken
SRSF1 NCBI (NC_006106.3) and SRSF1-3 cDNA as well as protein se-
quences to find out the sequence and structural similarity between the
splice variants (Fig. 1A). SRSF1 gene consists of four exons and codes
for 2 RRM domains (17 — 91 and 121 - 195), and an RS domain (198 -
247) of which 78% amino acids are arginine and serine. Unlike SRSF1,
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its isoform SRSF1-3 lacks the exon 4 that codes for a small portion (11
amino acids; 185 — 195) of the RRM2 domain as well as an RS domain,
instead the exon 3 is extended in the neighbouring intron that codes for
a C-terminal domain and also bring a termination site. To understand
differences in the C-terminal domain of SRSF1 and SRSF1-3, we per-
formed sequence alignments between SRSF1 and SRSF1-3 proteins by
using EMBOSS Needle (Fig. 1B). Both protein sequences are identical up
to the E184 amino acid; however, amino acids sequence from 185 on-
wards is different between SRSF1 and SRSF1-3. Moreover, a new do-
main in the SRSF1-3 isoform in which the C-terminal RS domain is
substituted consists of only 8 R + S amino acids, compared to 39 R + S
amino acids in SRSF1 (Fig. 1C).

The RS domain of SRSF1 is supposed to be the main site for the post-
translational modification, especially phosphorylation at the serine re-
sidues, and believed to play an important role in nucleo-cytoplasmic
shuttling of SRSF1 and thereby regulate its sub-nuclear localization
(Caceres et al., 1997). Thus, the absence of RS domain in SRSF1-3 is
likely to impact on its nuclear localization. To confirm whether the lack
of RS domain in SRSF1-3 has affected its nuclear localization signal
(NLS), we performed NLS prediction with amino acid sequences by
using a popular NLStradamus tool (Nguyen Nguyen Ba et al., 2009).
NLS prediction of SRSF1 shows two potential NLSs at the spacer be-
tween RRM1 and RRM2 domains (96 to 112 amino acids) and at the RS
domain (203 to 248 amino acids), respectively (Fig. 2). As expected,
SRSF1-3 shows only one weak NLS at the spacer between RRM1 and
RRM2 domains (96 to 111 amino acids) (Fig. 2), which is likely to affect
its localization pattern.

2.2. The absence of RS domain in SRSF1-3 affects its nuclear localization

To confirm whether the absence of RS domain and lack of a strong
NLS in SRSF1-3 have any effect on its nuclear localization, we expressed
SRSF1-3 into chicken DT40-ASF cells. We used DT40-ASF chicken B-cell
line in which both the endogenous SRSF1 genes are knocked out and a
human SRSF1 ¢cDNA was expressed (Wang et al., 1996). An expression
vector of SRSF1-3 cDNA containing FLAG tag at its N-terminus (Fig. S1)
was introduced into DT40-ASF cells to create the SRSF1-3 reconstituted
clones. Two independent reconstituted clones (Clone no. 41 and 47)
were confirmed for the expression of SRSF1-3 cDNA and SRSF1-3
protein by western blotting using the anti-FLAG antibody (Fig. S2).

To study the localization of FLAG-SRSF1-3 protein, we performed
the high-resolution confocal microscopy studies using two independent
reconstituted clones of SRSF1-3 and the SRSF1-3 deficient control cells.
We checked localization of SRSF1 using the anti-SF2/ASF primary an-
tibody and the anti-mouse secondary antibody tagged with fluorescent
dye Alexa Fluor 488 (Table S1), in DT40 cells. Similarly, we checked
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Fig. 1. In silico studies for SRSF1 and SRSF1-3. A. The schematic diagram of chicken SRSF1 and its splice variant SRSF1-3. RRM, RNA recognition motif; RS,
serine/arginine-rich region. B. Protein sequence alignment between SRSF1 and SRSF1-3. Lines show identity, dots show similarity, and gaps represent not-identical
and not-similar amino acid to each other. C. The histograms show the total number of serine and arginine amino acids in SRSF1 and SRSF1-3.
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Fig. 2. Nuclear localization signal (NLS) prediction
for amino acid sequences of SRSF1 and SRSF1-3
using NLStradamus  (http://www.moseslab.csb.
utoronto.ca/NLStradamus). (i) SRSF1 shows two po-
tential NLS residues, the first between 96 to 112 aa in
the spacer between two RRM domains, and the second
between 203 to 248 aa at RS domain. (ii) SRSF1-3
shows only one weak NLS at 96 to 111 aa in the spacer
between two RRM domains (For interpretation of the
references to colour in this figure legend, the reader is
referred to the web version of this article).
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Fig. 3. The absence of RS-domain in SRSF1-3 affects its nuclear localization. A. The localization of SRSF1 and SRSF1-3 in chicken DT40 SRSF1-3 reconstituted
clones and the SRSF1-3 deficient cells were observed by confocal microscopy. Images were taken at 40X magnification. Panel 1 and 2 is for DT40-ASF SRSF1-3
deficient cells stained with the anti-SRSF1 and anti-FLAG antibodies, respectively; Panel 3 and 4 is for SRSF1-3 reconstituted clones stained with the anti-FLAG
antibody B. The mean fluorescent intensities of nuclear and cytoplasmic SRSF1 and SRSF1-3 were quantitated using the ImageJ processing program. The histograms
represent cytoplasm: nucleus (C:N) ratios of SRSF1 and SRSF1-3. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article).
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localization of FLAG-SRSF1-3 using the anti-FLAG mAB primary anti-
body and the anti-mouse secondary antibody tagged with fluorescent
dye Alexa Fluor 594 (Table S1), in the SRSF1-3 deficient and two in-
dependent SRSF1-3 reconstituted clones. As expected, we observed
SRSF1 was predominantly localized in the nucleus (Fig. 3A, panel 1), as
it contains a strong NLS in the RS domain. However, we observed the
localization of the FLAG-SRSF1-3 protein, in both the SRSF1-3 recon-
stituted clones, largely in the cytoplasm (Fig. 3A, panel 2-4). To cal-
culate C:N ratios of SRSF1 and SRSF1-3, we compared the mean
fluorescent intensities of SRSF1 and SFSR1-3 in cytoplasm and nucleus.
The calculated mean fluorescent intensity confirmed that the localiza-
tion of SRSF1 was more inside the nucleus than the cytoplasm, whereas,
SRSF1-3 is more abundant in the cytoplasm than in the nucleus
(Fig. 3B). Thus, we conclude that the absence of RS domain and lack of
a strong NLS in SRSF1-3 affects its nuclear localization.

2.3. Interaction of SRSF1-3 with TOP1 and AID influencing IgV
diversification

Subsequent to its nuclear localization, SRSF1-3 may interact with
other proteins and thus regulate various cellular functions. To identify
interacting partners of SRSF1-3, we performed co-immunoprecipitation
studies for the FLAG-tagged SRSF1-3 using anti-FLAG antibody, in
SRSF1-3 reconstituted clones, and compared with the SRSF1-3 deficient
control cells. Co-immunoprecipitation studies using anti-SRSF1-3-FLAG
showed numerous interacting partners of SRSF1-3 (Fig. 4, lane 2 and 3),
as compared to the SRSF1-3 deficient cells (Fig. 4, lane 1). These results
suggest that the splicing regulator SRSF1-3 is networking with several
proteins, and thus can influence various important cellular functions via
multiple interacting partners. Interestingly, we observed a distinct band
at 90 kDa in the immunoprecipitated samples of SRSF1-3 reconstituted
clones, similar to the size of Topoisomerase 1 (TOP1). We confirmed
that SRSF1-3 interacts with TOP1 by performing western blotting using
the anti-TOP1 antibody (Table S1), which shows a specific band at
90 kDa in SRSF1-3 reconstituted cells and is missing in the SRSF1-3
deficient cells (Fig. 5A, S3A). We further confirmed this interaction by
performing co-immunoprecipitation using the anti-TOP1 antibody and
detected SRSF1-3-FLAG bands using the anti-FLAG antibody (Table S1)
in the SRSF1-3 reconstituted cells, as compared with the SRSF1-3

TOP1 ——>

SRSF1-3 ——>

AD —>
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deficient cells (Fig. 5B, S3B), confirming an interaction of SRSF1-3 with
TOP1, which probably influences the SHM of Ig genes. Since the SRSF1-
3 deficient control cells do not contain FLAG-tagged SRSF1-3, the input
samples do not show any band for SRSF1-3 (Fig. 5B, panel 1).

To confirm the interaction of SRSF1-3 and TOP1 in the nucleus and
to exclude the possibility that binding of SRSF1-3 to TOP1 is the result
of an artificial interaction by mixing proteins from cytoplasm and nu-
clei during the preparation of cell lysate, we performed co-im-
munoprecipitation of SRFS1-3 from nuclear extracts by using the anti-
FLAG antibody and western blotting by using the anti-TOP1 antibody
(Table S1). To confirm purity of nuclear extract, we performed im-
munoblotting using cytoplasm specific (GAPDH) and nucleus specific
(Histone H3) antibodies (Table S1). As expected, we observed Histone
H3 bands in the nuclear extract and GAPDH was absent in the nuclear
extract, confirming purity of the nuclear extract (Fig. 5C and S3C).
Immunoprecipitation of SRFS1-3 from nuclear extracts by using the
anti-FLAG antibody also shows a specific band at 90 kDa in SRSF1-3
reconstituted cells and is missing in the SRSF1-3 deficient cells (Fig. 5D
and S3D). These results are identical to co-immunoprecipitation ex-
periments with the whole cell lysates, confirming that SRSF1-3 and
TOP1 interact in the nucleus. Similarly, we further confirmed this in-
teraction by performing co-immunoprecipitation of TOP1 from the
nuclear extracts by using the anti-TOP1 antibody and detected SRSF1-3-
FLAG bands using the anti-FLAG antibody (Table S1) in the SRSF1-3
reconstituted cells, as compared with the SRSF1-3 deficient cells
(Fig. 5E and S3E), confirming an interaction of SRSF1-3 with TOP1 in
the nucleus, which probably influences the SHM of Ig genes. Since the
SRSF1-3 deficient control cells do not contain FLAG-tagged SRSF1-3,
the input samples do not show any band for SRSF1-3 (Fig. 5B, 5E panel
1).

To confirm the earlier reports of interaction between SRSF1-3 and
AID in human 293 T cells (Kawaguchi et al., 2017), we performed co-
immunoprecipitation using the anti-FLAG antibody and detected AID
by western blotting using the anti-AID antibody (Table S1), which
shows a specific band at 24 kDa in SRSF1-3 reconstituted cells and is
missing in the SRSF1-3 deficient cells (Fig. 5F and S4A). Subsequently,
we confirmed this interaction by performing co-immunoprecipitation
using the anti-AID antibody and detected SRSF1-3-FLAG bands using
the anti-FLAG antibody (Table S1) in the reconstituted cells, as

Fig. 4. Co-immunoprecipitation of FLAG-tagged SRSF1-3 in
DT40-ASF cells Co-immunoprecipitation of FLAG-tagged SRSF1-3
reconstituted clones and the SRSF1-3 deficient control cells per-
formed using the anti-FLAG magnetic beads, protein samples were
run on 12% SDS-PAGE and analyzed by silver staining. Protein
bands which match with the molecular weight of TOP1, AID and
SRSF1-3 are shown by arrows.
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Fig. 5. SRSF1-3 interactions with TOP1 and AID in SRSF1-3 reconstituted clones and the SRSF1-3 deficient control cells: A. Co-immunoprecipitation of FLAG-
tagged SRSF1-3 from the whole cell lysate performed using the anti-FLAG magnetic beads and analyzed by western blotting using the anti-TOP1 pAb and anti-FLAG
mAb. B. Co-immunoprecipitation of TOP1 from the whole cell lysate performed using the anti-TOP1 pAb and protein-A agarose beads and analyzed by western
blotting using the anti-FLAG mAb and anti-TOP1 pAb. C. The whole cell extract and nuclear extract fractions of the SRSF1-3 reconstituted cells and SRSF1-3 deficient
cells were analyzed by western blotting using anti-GAPDH mAb and anti-Histone H3 mAb. GAPDH and Histone H3 were used as an internal control for the whole cell
extract and nuclear extract fractions, respectively. D. Co-immunoprecipitation of FLAG-tagged SRSF1-3 from the nuclear extracts and performed using the anti-FLAG
magnetic beads and analyzed by western blotting using the anti-TOP1 pAb and anti-FLAG mAb. E. Co-immunoprecipitation of TOP1 from the nuclear extracts and
performed using the anti-TOP1 pAb and protein-A agarose beads and analyzed by western blotting using the anti-FLAG mAb and anti-TOP1 pAb. F. Co-im-
munoprecipitation of FLAG-tagged SRSF1-3 from whole cell lysate and performed using the anti-FLAG magnetic beads and analyzed by western blotting using the
anti-AID mADb and anti-FLAG mAb. G. Co-immunoprecipitation of AID from whole cell lysate and performed using the anti-AID mAb and protein-A agarose beads and
analyzed by western blotting using the anti-FLAG mAb and anti-AID mAb. (Full gel image for Fig. 5 A-E is in Supplementary Figure S3 and full gel image for Fig. 5 F-G

is in Supplementary Figure S4).

compared with the SRSF1-3 deficient cells (Fig. 5G and S4B), con-
firming an interaction of SRSF1-3 with AID, which probably influences
the SHM of Ig genes. Since the SRSF1-3 deficient control cells do not
contain FLAG-tagged SRSF1-3, the input samples do not show any band
for SRSF1-3 (Fig. 5G, panel 1). These results suggest that SRSF1-3 in-
teracts with AID and another crucial regulator of SHM, TOP1, and thus
influences the process of SHM.

Several commercial AID antibodies tend to be non-specific, and
therefore can show multiple off-target bands by western blotting. To
confirm that the pulldown band is specific, we performed western
blotting using the anti-AID antibody (Table S1) for the negative con-
trols (DT40 AID™") as well as for the SRSF1-3 reconstituted cells and the
SRSF1-3 deficient cells. We observed a specific band at 24kDa in
SRSF1-3 reconstituted cells and the SRSF1-3 deficient cells, which is
missing in DT40 AID”", the negative control cells (Fig. SSA). Moreover,
there were no background bands in SRSF1-3 reconstituted cells and the
SRSF1-3 deficient cells, confirming the specificity of the pulldown
bands.

To confirm these interactions between SRSF1-3 and AID are dif-
ferent from the main transcript SRSF1, we performed co-im-
munoprecipitation using the anti-ASF antibody, which picks up both
SRSF1 as well as SRSF1-3 and detected AID by western blotting using
the anti-AID antibody (Table S1). We observed a specific band at
24 kDa for AID in SRSF1-3 reconstituted cells (Fig. $6), as the anti-ASF
antibody picks up both SRSF1 as well as SRSF1-3. As expected, the
specific AID band is missing in the SRSF1-3 deficient cells (Fig. S6),
confirming that the interaction between SRSF1-3 and AID is different
from the main transcript SRSF1.

2.4. Colocalization and proximity ligation assay (PLA) reveal the direct
interaction between SRSF1-3 and TOP1

To validate our finding in the immunoprecipitation experiments
about the interaction between SRSF1-3 and TOP1, we observed colo-
calization of these two proteins using double-immunofluorescence
staining with polyclonal anti-TOP1 and monoclonal anti-FLAG
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Fig. 6. Colocalization of SRSF1-3 and TOP1: DT40 SRSF1-3 reconstituted and the SRSF1-3 deficient control cells were fixed and subjected to double-immuno-
fluorescence staining with polyclonal anti-TOP1 (green stained), and monoclonal anti-FLAG (red stained) antibodies. TOP1 is predominantly localized in the nucleus,
overlapping DAPI (blue), whereas SRSF1-3 is mostly localized in the cytoplasm. Nuclei were counterstained with DAPI (blue). Yellow and orange signals that
coincide with TOP1 and SRSF1-3 colocalization are marked with arrows in the zoomed images. (An enlarged image for Fig. 6 is in Supplementary Figure S7) (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).

antibodies (Table S1). As expected, due to the presence of strong NLS,
TOP1 protein was observed exclusively in the nucleus, showing an
overlapping signal with the DAPI stained nucleus (Fig. 6, S7, S8 and
$9). Similar to the earlier immunofluorescence straining experiments
(Fig. 3), SRSF1-3 was predominantly present in the cytoplasm and only
a small portion of SRSF1-3 was localized in the nucleus. Nevertheless,
we observed several spots in yellow and orange, in the nucleus, which
indicate TOP1 and SRSF1-3 colocalization in both SRSF1-3 recon-
stituted clones (Fig. 6, S8 and S9, panel 2 and 3), confirming the
earlier observations in the immunoprecipitation experiments that
SRSF1-3 and TOP1 are present in a complex and likely to interact with
each other. As expected, we did not observe such colocalization signals
in the SRSF1-3 deficient control cells (Fig. 6, S8 and S9, panel 1).

Furthermore, to ascertain molecular interactions between SRSF1-3
and TOP1, we performed Proximity Ligation Assay (PLA) studies, using
Duolink kit. DT40 SRSF1-3 reconstituted cells and the SRSF1-3 deficient
control cells were fixed and incubated with polyclonal anti-TOP1 and
monoclonal anti-FLAG antibodies (Table S1), followed by incubation
with secondary antibodies conjugated to oligonucleotides. We observed
PLA signal (red spots) in the DT40 SRSF1-3 reconstituted cells (Fig. 7,
S$12 and S13, panel 2 and 3), suggesting a direct interaction and
proximity between SRSF1-3 and TOP1. For most of the cells we ob-
served PLA signals in the nucleus, although rarely, some of the PLA
spots were present in the cytoplasm as well, suggesting a direct inter-
action between TOP1 and SRSF1-3. In contrast, as expected, we did not
observe any PLA signal in the SRSF1-3 deficient control cells (Fig. 7,
$12 and S13, panel 1)t-test and P-values are reported in figure legends.
We observed 7.2% (P-value = 0.006) and 11.5% (P-value = 0.011)
cells were showing positive PLA signal for the SRSF1-3 reconstituted
clone 41 (Fig. S10 and S11), which is statistically significant. Similarly,
we observed 8.2% (P-value = 0.004) and 9.9% (P-value = 0.023) cells
were showing positive PLA signal for the SRSF1-3 reconstituted clone
47 (Fig. S10 and S11), which is statistically significant. Thus, the co-
localization and PLA studies further validate our observations in the co-
immunoprecipitation experiments, confirming an interaction between
SRSF1-3 and TOP1.

In fact, interactions of TOP1 and SRSF1 (product of the main
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transcript) are reported earlier in which TOP1 structurally makes a
complex with SRSF1, and phosphorylates the RS domain of SRSF1. The
spacer region between the two RRM domains of SRSF1 influences the
DNA nicking property of TOP1 which is essential for relaxation of DNA
negative supercoiling (Ishikawa et al., 2012). In silico analysis of SRSF1
and SRSF1-3 shows substitution of the C-terminal RS domain, whereas
the RRM1, RRM2, and the spacer regions are retained unaltered. Thus,
SRSF1-3 is also likely to interact with TOP1. Our immunoprecipitation
studies confirmed the interaction between SRSF1-3 and TOP1. (Fig. 5A
and 5B). Furthermore, the co-localization studies (Fig. 6, S7, S8 and S9)
and proximity ligation assay experiments (Fig. 7, $10, S11, S12 and
S13) corroborate the direct interaction between SRSF1-3 and TOP1.
Generally, during the course of transcription, excessive negative su-
percoiling is introduced just upstream of the progressing transcription
bubble, which is resolved by TOP1 via nicking (Baranello et al., 2013;
Leppard and Champoux, 2005; Pommier, 2006). Thus, whenever
transcription rates exceed the maximum TOP1 activity, non-B DNA
structures tend to form due to unresolved negative supercoiling (Zhao
et al., 2010). TOP1 activity at the Ig locus plays an important role in
providing ssDNA substrate to AID and thus controls SHM (Maul et al.,
2015). Remarkably, SRSF1 is known to interact with TOP1 (Ishikawa
et al., 2012) and inhibit DNA cleavage by TOP1 (Kowalska-Loth et al.,
2002). Similarly, SRSF1-3 is likely to interact with TOP1 and interferes
with the DNA cleavage activity of TOP1. Thus, TOP1 could serve as a
link between SRSF1-3 and SHM.

In summary, due to the absence of a strong nuclear localization
signal located in the RS domain, SRSF1-3 is predominantly retained in
the cytoplasm. Nevertheless, a portion of SRSF1-3 is localized in the
nucleus since it contains a weak nuclear localization signal that is
present between two RRM domains. After entering in the nucleus, it can
locally interact with a vital regulator of SHM, TOP1, and likely inhibits
its DNA cleavage activity to generate more ssDNA substrate for AID,
and thus can enhance SHM. Additionally, SRSF1-3 interacts with AID
protein, as reported in the earlier reports (Kawaguchi et al., 2017).
Thus, SRSF1-3 demonstrates a dual role in SHM of Ig genes, via its in-
teractions with a crucial regulator of SHM, TOP1, as well as AID
(Fig. 8).
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Fig. 7. Proximity Ligation Assay for SRSF1-3 and TOP1: Images demonstrate the PLA signals in DT40 chicken B-cells and the proximity between two proteins,
SRSF1-3 and TOP1. Nuclei were stained with DAPI. FLAG-tagged SRSF1-3 and TOP1 were incubated with primary antibodies (Table S1), followed by incubation with
secondary antibodies conjugated to oligonucleotides (PLA Probes anti-mouse MINUS and PLA Probes anti-rabbit PLUS). Each picture is representative of a typical cell
staining observed in more than 10 fields randomly chosen. The top panel is for the SRSF1-3 deficient cells and the next two panels are for SRSF1-3 reconstituted
clones. The red PLA spots in SRSF1-3 reconstituted clones are shown by arrows (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article).
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Fig. 8. Molecular mechanism of SRSF1-3 in SHM. Nuclear localization studies demonstrated that SRSF1-3 is predominantly localized in the cytoplasm, due to lack
of RS domain. Once it enters in the nucleus, as confirmed by co-immunoprecipitation studies, SRSF1-3 interact with TOP1 as well as AID in chicken B-cells, and thus
reveals direct regulation of somatic hypermutation by SRSF1-3. In the absence of SRSF1-3, TOP1 activity is unaltered leading to normal processing of negative
supercoils and therefore reduced ssDNA substrate available for AID activity. However, the presence of SRSF1-3 affects TOP1 activity, leading to an abundance of
ssDNA substrate for AID deamination (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).
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3. Discussion

A diverse antibody repertoire is generated by a cumulative outcome
of V(D)J recombination that is mediated by the RAG1/2 recombinase in
bone marrow, followed by SHM and CSR in the secondary lymphoid
organs, which ultimately leads to the generation of different classes of
high-affinity antibodies. To meet the enormous cellular demands of
antibodies, Ig locus is governed by a strong promoter. Thus, Ig locus is
transcriptionally very active. SHM is initiated by AID that acts on the
ssDNA substrate and deaminates cytidine to uridine (Choudhary et al.,
2018; Pasqualucci et al., 2008). In addition to AID, SHM requires that
the target genes are transcribed (Peters and Storb, 1996). During
transcription and RNA Pol II possession, positive supercoiling is gen-
erated downstream and negative supercoiling is generated upstream of
the transcription assembly, which is resolved by the TOP1 activity
(Baranello et al., 2016). The negative supercoiling provides necessary
ssDNA substrate for AID activity, whereas TOP1 activity has a negative
impact on AID-dependent SHM. Consistently, the decrease in TOP1
leads to increase in AID-dependent SHM (Kobayashi et al., 2011).

The high-resolution confocal microscopy studies with live cells ex-
pressing fluorescently tagged AID revealed that AID is localized to the
sub-nuclear domains that are enriched in the splicing factors (Hu et al.,
2014). In fact, AID has been reported to be linked with various splicing-
related factors, such as PTBP2 (Nowak et al.,, 2011) and CTNNBL1
(Conticello et al., 2008), in addition to SRSF1-3 (Kanehiro et al., 2012),
a splice isoform of SRSF1. However, the precise role of these factors in
the targeting of AID and Ig diversification is largely unclear. SRSF1-3, a
key splicing regulator, is necessary for the AID-dependent SHM appa-
ratus to target the IgV genes. SRSF1-3, but not SRSF1, is targeted on the
IgV genes and is crucial for the AID-dependent SHM machinery by re-
storing and enhancing the hypermutation rate of IgV genes in SRSF1-3
deficient chicken B-cells (Kanehiro et al., 2012). Moreover, SRSF1-3 is
also reported to be involved in the accumulation of AID inside the
nucleus which is dependent on the AID C-terminal domain (Kawaguchi
et al., 2017).

Members of the family of serine/arginine (SR)-rich proteins play a
crucial role in carrying out the essential processing of pre-mRNAs.
There are 12 types of known SR proteins, which consist of at least one
RRM domain and RS domain each. Incidentally, SRSF1 consists of two
RRM domains and a single RS domain (Hagopian et al., 2008). SRSF1-3
is a splice isoform of SRSF1, and share an identical N-terminal region
containing two RRM domains. However, the C-terminal RS domain that
is rich in serine and arginine amino acids in SRSF1, is substituted in the
splice variant SRSF1-3 with an extended exon 3, that now codes for a
fewer serine and arginine amino acids. Interestingly, earlier studies
reported that deletion of the RS domain in SRSF1 retains the splicing
activity, suggesting that the RS domain is not required for its splicing
activity (Caceres and Krainer, 1993; Caceres et al., 1997; Zhu and
Krainer, 2000; Zuo and Manley, 1993). In fact, the RS domain is sup-
posed to be the main site for the post-translational modification,
especially phosphorylation at the serine residues by protein kinase
SRPK, and play an important role in nucleo-cytoplasmic shuttling of
SRSF1 and thereby regulate its sub-nuclear localization (Caceres et al.,
1997). Incidentally, SRSF1-3 contains only 5 serine residues in its C-
terminal domain, as compared to 20 serine residues in SRSF1 (Fig. 1).

AID is predominantly localized in the cytoplasm; however, co-ex-
pression of AID along with SRSF1-3 led to the higher nuclear accu-
mulation of both AID as well as SRSF1-3. Nevertheless, SRSF1-3 is not
essential for nuclear import of AID (Kawaguchi et al., 2017). Our in
silico studies demonstrated that SRSF1-3 contains a weak nuclear lo-
calization signal (NLS) between 96 — 112 amino acids and lacks the
strong NLS present in the RS domain of SRSF1 (Fig. 2). Indeed, it is
predominantly present in the cytoplasm, as compared to SRSF1 (Fig. 3A
and B). It seems the weak NLS present between the two RRM domains
of SRSF1-3 could still assist in the higher nuclear accumulation of AID.

Niu et. al., hypothesized that genes with introns will recruit the
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spliceosome complex which helps in sequestering TOP1, whereas, in the
intronless genes, TOP1 retains its activity and resolves negative su-
percoiling (Niu and Yang, 2011). Furthermore, it is reported that a
decrease in TOP1 levels leads to RNA Pol II accumulation and AID
abundance at Ig genes (Maul et al., 2015). Thus, the deficiency of TOP1
or inhibition of its DNA nicking activity locally at Ig locus may lead to
more negative supercoiling and thus provide more ssDNA substrate for
AID and thereby facilitate SHM. Our findings using immuno-
fluorescence studies (Fig. 5A, B, D and E), co-localization (Fig. 6, S7, S8
and S9) as well as proximity ligation assay experiments (Fig. 7, S10,
S§11, S12 and S13) strongly suggest that similar to SRSF1, SRSF1-3
interacts with TOP1, which probably influences its activity via either
sequestration or by inhibiting DNA nicking activity locally at the Ig
locus, and thus can assists in the process of SHM. Previous reports
showed that the RS domain of SRSF1 is not required for interaction with
TOP1 and inhibition of its nicking activity (Kowalska-Loth et al., 2005),
also supporting the notion that SRSF1-3, which does not have the RS
domain, can still interact TOP1 and inhibit its activity. Our co-im-
munoprecipitation studies also showed that SRSF1-3 interacts with AID
in chicken DT40-ASF cells (Fig. 5F and G), confirming the earlier re-
ports of similar interaction in human 293 T cells (Kawaguchi et al.,
2017). Thus, SRSF1-3 is interacting with a key SHM regulator, TOP1, as
well as AID itself. The cross-talk between SRSF1-3, AID and TOP1 lo-
cally at the Ig locus might play a crucial role in SHM (Fig. 8).

4. Materials and methods
4.1. DT40-ASF chicken B-cell culture

DT40-ASF cells, a kind gift from Prof. James L Manley, Columbia
University, USA, were cultured in RPMI 1640 medium (Invitrogen)
supplement with 10% FBS (Invitrogen), 1% chicken serum (HiMedia),
50 uM 2-mercaptoethanol (Sigma Aldrich), 2 mM glutamine, 100 pg/ml
penicillin G, and 50 pg/ml streptomycin (Invitrogen) at 39.5 °C in 5%
CO ».

4.2. Immunofluorescence studies

For the immunofluorescence studies, 5 x 10° DT40-ASF cultured
cells were fixed in 4% paraformaldehyde (MP Biomedicals) for 20 min
and permeabilized with PBS-T (0.05% Triton-X in PBS) for 20 min.
Further, the cells were blocked for 30 minutes in PBS-T containing 5%
BSA (Sigma Aldrich) and incubated with the primary antibody, either
anti-SRSF1 or anti-FLAG (Table S1), (1:100) for 1hour in PBS con-
taining 2.5% BSA, followed by washing of cells in PBS-T for three times
for 10 min each, and were incubated with the secondary antibody, ei-
ther anti-mouse Alexa flour 488 or Alexa flour 594 (Table S1) (1:200) in
PBS-T containing 2.5% BSA for 60 min. Subsequently, cells were wa-
shed thrice in PBS-T for 10 minutes each. Finally, high-resolution
images were taken at 40 X magnifications using a confocal laser scan-
ning microscope (Olympus, FV1200MPE). Mean fluorescent intensities
were calculated by Image J software using intden and raw intden va-
lues.

4.3. Co-Immunoprecipitation of FLAG-tagged SRSF1-3

SRSF1-3 protein was immunoprecipitated using the anti-FLAG M2
magnetic beads (Sigma Aldrich) (Table S1) from SRSF1-3 reconstituted
clones as well as the SRSF1-3 deficient control cells. 3 x 107 transfected
DT40-ASF cultured cells were washed in PBS, centrifuged at 1100 rpm,
4°C for 5min. The cells were lysed in 50 mM Tris-Cl, pH-7.5, with
150mM NaCl, 1mM EDTA, 1% Triton-X 100 and Protease
inhibitor + DNasel, 1 ug/ml. Beads were separately equilibrated in TBS
buffer (50 mM Tris-Cl, pH-7.5, with 150 mM NacCl). Cell lysates were
incubated with anti-FLAG M2 magnetic beads for overnight at 4 °C on
the shaker. Subsequently, the FLAG-tagged SRSF1-3 protein was
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immunoprecipitated by using a magnetic separator (Sigma Aldrich).
Finally, SRSF1-3 and its interacting proteins were eluted with 3X FLAG
peptide (Apex Bio) and 0.1 M Glycine HCI, pH-3.0.

4.4. Silver staining of SDS PAGE gels

Co-immunoprecipitation of FLAG-tagged SRSF1-3 were analyzed on
12% SDS-PAGE gel and visualized by silver staining. Initially, the gels
were fixed in 50% methanol, 12% glacial acetic acid, 0.05% formalin
for overnight, washed for 3 times with 35% ethanol for 20 min each,
sensitized with 0.02% Na ,S,05 for 2 min and washed for 3 times with
H,0 for 5min each. Subsequently, the gels were stained with 0.2%
AgNO3, 0.076% formalin for 20 min in dark and washed for 3 times
with H,O for 2 min each. Finally, the gels were developed with 6% Na,
CO 3, 0.05% formalin, 0.0004% Na,S,03 and reactions were stopped
with 1.46% EDTA for 5 min.

4.5. Co-immunoprecipitation of TOP1 and AID

Mouse anti-AID mAB (Invitrogen), rabbit anti-TOP1 pAB (Sigma
Aldrich) forms complex with Protein-A agarose beads (Santa Cruz
Biotechnology) and were used to co- immunoprecipitate AID and TOP1
protein from the whole cell lysate or nuclear extracts of SRSF1-3 re-
constituted clones and the SRSF1-3 deficient control cells. Cells were
lysed in a buffer containing 50 mM Tris-Cl, pH-8.0, 150 mM NaCl, 1.0%
NP-40, and Protease inhibitor +1 pg/ml DNasel. Further, cell lysate
was passed through 22 gauge needle multiple times to shear the DNA.

For Co-IP from the nuclear lysate, cells were rinsed three times with
1X PBS plus protease inhibitor and resuspended in Lysis Buffer 1
(50 mM Tris-Cl pH-7.5, 140 mM NaCl, 1 mM EDTA, 10% glycerol, 0.5%
NP-40 and 0.25% Triton X-100), rocked for 10 min at 4 °C to isolate
nuclei. Samples were centrifuged at 1,350 x g and pellets were washed
with Lysis Buffer 2 (10 mM Tris-Cl, pH-8.0, 200 mM NaCl, 1 mM EDTA,
and 0.5mM EGTA) by gently rocking for 5min at room temperature.
Nuclei was resuspended in Lysis Buffer 3 (10 mM Tris-Cl, pH-8.0,
100mM NaCl, 1mM EDTA, 0.5mM EGTA, and 0.5% N-laur-
oylsarcosine) and incubated on ice for 10 min.

Lysate supernatants were incubated with either anti-AID mAB or
anti-TOP1 pAB antibody (5:500 dilutions) (Table S1) for overnight at
4°C on a rota-spin. Afterwards, Protein-A agarose beads were washed
and equilibrated in 1 ml of equilibration buffer (20 mM Tris-Cl pH-8.0,
5mM MgCl,, 5mM MnCl,, 150 mM NaCl and 1.0% NP-40). Samples
were incubated with 20 pl slurry of protein-A on a rota-spin for 2 hrs at
4°C and pelleted by centrifugation (2000 g, 3 min). Subsequently, pel-
lets were washed three times in 1 ml of ice-cold washing buffer (20 mM
Tris-Cl pH-8.0, 5 mM MgCl,, 5mM MnCl,, 750 mM NaCl and 1.0% NP-
40) with 5min incubations between spins. Finally, the
munoprecipitated proteins were eluted with 100 pul of antibody strip
buffer/elution buffer (120 mM Tris-Cl, pH 6.8, 1.0% SDS, at room
temperature for 30 min on a shaker to elute the proteins) and boil the
samples at 95 °C for 5 min.

im-

4.6. Co-localization Assay

For the co-localization studies, 3 x 10 ® DT40 cells were washed
with 1X PBS in 96 U bottom well plate (Corning) at 220 rcf, 4 °C for
5min and fixed in 4% paraformaldehyde in 1X PBS (MP Biomedicals)
for 20 min and permeabilized with PBS-T (0.05% Triton-X in PBS) for
20 min. Further, the cells were blocked for 30 minutes in PBS-T con-
taining 5% BSA (Sigma Aldrich) and incubated with the primary anti-
body, namely, anti-mouse FLAG and anti-rabbit TOP1 (Table S1),
(1:20) for overnight at 4 °C in 1X PBS containing 2.5% BSA, followed by
washing of cells in PBS-T for three times for 10 min each, subsequently
incubated with the secondary antibodies, anti-mouse Alexa flour 568
and anti-rabbit Alexa flour 488 (Table S1) (1:500) in PBS-T containing
2.5% BSA for 60min at 4°C in the dark. Subsequently, cells were
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washed thrice in PBS-T for 10 minutes each. DAPI with mounting
medium (Genetex) was added to the wells and the cells were mounted
on to the slides and these were kept at 37 °C for 60 min for drying.
Finally, high-resolution images were taken at 60 X magnifications using
a confocal laser scanning microscope (Olympus, FV3000).

4.7. Proximity ligation assay (PLA)

PLA was performed using reagents supplied in Duolink in situ Red
PLA kit Mouse/Rabbit (Sigma-Aldrich, DU092101), following the
manufacturer’s instructions. The protocol was first standardized so as to
use a minimal volume of the probes and enzymes required for the re-
action. Briefly, 3 x 10° DT40 cells were taken per well of a 96-well U-
bottom plate and the protocol carried out for the co-localization studies,
described previously, was followed. Subsequent to the primary anti-
bodies incubation, overnight at 4°C, cells were washed with wash
buffer-A, twice at 220 rcf, 4 °C for 5min each, followed by incubation
with secondary antibodies conjugated to oligonucleotides (PLA Probes
anti-mouse MINUS and PLA Probes anti-rabbit PLUS), diluted in anti-
body diluent (1:5) and incubated for 60 min at 37 °C in a humidity
chamber. Cells were then washed twice with washing buffer-A, fol-
lowed by centrifugation at 220 rcf at 4 °C for 5min. The 5X ligation
buffer was diluted in high purity water to a final concentration of 1X
and the ligase (1U/ul) diluted 1:40 in the 1X ligation buffer. 20 pl of
ligation mixture was added to each well and incubated for 30 min at
37 °C in the humidity chamber. Again, the cells were washed twice with
washing buffer-A, followed by centrifugation at 220 rcf at 4°C for
5 min. Further, 20 pl of amplification polymerase mixture (0.5 pl poly-
merase in 39.5 ul 1X amplification buffer, 1:80 dilution) was added to
each well and incubated for 120 min at 37 °C in the humidity chamber.
Cells were then washed twice with washing buffer-B at 220 rcf, 4 °C for
10 min and the final wash was with 0.01X washing buffer-B for 1 min.
DAPI with mounting medium was added to the wells and the cells were
mounted on to the slides. Slides were let to dry overnight at 4C,
scanned and images were acquired using a confocal laser scanning
microscope (Olympus, FV1200MPE). Statistical analysis was performed
by calculating the percentage of cells showing positive PLA signals. P-
values were calculated using two-tailed Fishers t-test.
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