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Abstract 

Muscleblind-like (MBNL) RNA-binding proteins (RBPs) possess modular domains that mediate regulation of alternative splicing and RNA local- 
ization. In Myotonic Dystrophy Type 1, a CTG repeat expansion disorder, MBNL is sequestered into intranuclear RNA foci, impairing its function. 
Previous studies found that MBNL self-associates through its exon 7, but the nature of this interaction is not well understood. We identified a 
cysteine in MBNL1 exon 7 that enables dimerization through the formation of an intermolecular disulfide bond. We likewise demonstrate that 
MBNL2 dimerizes by forming disulfide bonds between multiple cysteines in its carboxy-terminus. Nucleocytoplasmic fractionation revealed a 
greater proportion of MBNL1 dimer in the nucleus, suggesting a nuclear function for the MBNL1 dimer. We investigated a connection between 
MBNL1 dimerization and MBNL1-mediated regulation of alternative splicing. To accomplish this, we mutated the MBNL1 cysteine in question 
to alanine (C325A) and performed RNAseq. We uncovered novel splicing events sensitive to MBNL1 dimerization. We also found that MBNL1 
C325A, when co-expressed with expanded CTG repeats, produces smaller, more numerous foci, suggesting a role for the MBNL1 dimer in 
maintaining foci integrity. These results provide insight into biological and pathological mechanisms of MBNL1 dimerization and suggest that 
other RBPs might similarly dimerize to regulate function. 
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mains (IDRs) [ 5 ]. IDRs have been shown to mediate both
homomeric and heteromeric interactions in a range of splic-
ing regulators, including SR and SR-related proteins [ 5 ], RB-
FOX2 [ 6 ], hnRNPH1 [ 7 ], RBPMS [ 8 ], hnRNPA and hnRNPD
[ 9 ]. While RBP-RBP interactions can play a physiological role
in processes such as splicing, they can also contribute to dis-
ease pathology. Aberrant expansions of repetitive sequences in
the human genome have been linked to multiple diseases. In
many of these diseases, the RNA transcribed from expanded
repeats accumulates within cells, forming RNA-protein aggre-
gates, called RNA foci. Besides RNA-RNA and RNA-RBP in-
teractions, RBP-RBP interactions have been proposed as a fac-
tor that stabilizes RNA foci [ 10 ]. Whether in a physiologic or
pathologic context, the relatively weak non-covalent interac-
tions produced by IDRs are not the only forces capable of
bringing RBPs together [ 11 ]. Intermolecular disulfide bonds
have been found to form between cysteine residues located
in several RBPs, including TDP-43, FMRP, and PTB [ 12–14 ].
However, compared to non-covalent interactions involving
IDRs, disulfide bond formation between RBPs has been un-
derstudied, especially as it relates to the effect it has on RBP
function. 

The Muscleblind-like (MBNL) family of RBPs are known
for their capacity to regulate alternative splicing [ 15–17 ], al-
ternative polyadenylation [ 18 ], mRNA localization [ 17 , 19 ,
20 ], translation [ 17 ], and mRNA stability [ 21 ]. MBNL itself
undergoes extensive alternative splicing, producing isoforms
found in both the nucleus and cytoplasm, depending on the
presence of a full or partial bipartite nuclear localization sig-
nal (NLS), respectively. In the nucleus, MBNL proteins reg-
ulate alternative splicing using two pairs of zinc fingers that
bind a consensus motif [ 22–24 ], YGCY [ 15–17 ], in target pre-
mRNA. In the cytoplasm, we found that MBNL binding to
3′ UTRs localizes target mRNAs by interacting with specific
kinesin motor proteins [ 20 ]. Besides two pairs of zinc fingers,
MBNL proteins also possess an unstructured C-terminal do-
main, which facilitates anchoring of MBNL to membranes
[ 20 ]. In addition to membrane anchoring, multiple studies
have demonstrated that the C-terminus [ 25 ], specifically exon
7, enables MBNL1 to interact with itself [ 26 , 27 ], forming
an MBNL1 dimer. Exon 7 has also emerged as a modulator
of several MBNL1-dependent alternative splicing events [ 28 ,
29 ], but this has not been linked to exon 7-dependent MBNL
self-association. Furthermore, the nature of the bond holding
two MBNL1 molecules together and the potential impact this
has on MBNL1-mediated alternative splicing regulation are
both unknown. 

MBNL proteins play a prominent role in the pathogenesis
of the repeat expansion disorder Myotonic Dystrophy Type 1
(DM1) [ 30 , 31 ]. In DM1, expanded CTG repeats in the 3′ UTR
of the gene DMPK are transcribed into toxic RNA that se-
questers MBNL proteins in the nucleus, forming CUG RNA
foci [ 32–34 ]. Sequestered MBNL is nonfunctional, resulting
in impairment of MBNL-dependent splicing regulation in in-
dividuals with DM1 [ 35 ]. Despite the importance of MBNL1
in the pathophysiology of DM1, the impact of MBNL1 dimer-
ization on DM1 remains unexplored. 

In this study, we utilized immunoprecipitation (IP) to con-
firm the existence of MBNL1 dimers and determined that
they are sensitive to reducing agents. IP also revealed the ex-
istence of reducing agent-sensitive MBNL2 dimers. Taking
these observations into consideration, we hypothesized that

at least one disulfide bond holds both MBNL1 and MBNL2 
homodimers together. To test this, we mutated specific cys- 
teine residues in MBNL1 and MBNL2, performed IPs, and 

assessed the effect the mutations had on the ability of MBNL 

to dimerize. In the process, we found that IP was unnecessary 
to visualize MBNL1 dimers of a nuclear-enriched isoform ex- 
tracted from the nucleus. The increased prevalence suggested 

a potential nuclear function for the MBNL dimer, such as 
in the regulation of alternative splicing. We used Mbnl1−/ −; 
Mbnl2−/- mouse embryonic fibroblasts (DKO MEFs) [ 18 , 31 ],
a MBNL1 cysteine mutant (C325A), and RNA-seq to investi- 
gate the effect of MBNL1 dimerization on MBNL1-dependent 
alternative splicing regulation. To uncover a possible role for 
MBNL1 dimerization in DM1 pathogenesis, we imaged CUG 

foci in DKO MEFs co-transfected with CTG repeats and either 
wildtype or C325A GFP-MBNL1. Endogenous MBNL1 and 

MBNL2 dimers were detected in mouse embryonic brain tis- 
sue. Findings from this study indicate that MBNL1 dimeriza- 
tion plays a physiological role in RNA biology, with broader 
implications for redox signaling and DM1 pathogenesis. 

Material and methods 

Plasmids and cloning 

Human MBNL1 and MBNL2 isoforms were amplified from 

cDNA constructs obtained from the DNASU Plasmid Repos- 
itory (Tempe, AZ) or GenScript (Piscataway, NJ) and sub- 
cloned downstream of EGFP under control of a CMV 

promoter (pEGFP-C1; Takara). MBNL1 cysteine mutants 
(C325A [41] and C343A [43]) were generated by Genewiz,
and the MBNL2 cysteine mutants (C324A [I1], C332 [I3],
C343A [I3], C345A [I3], and C361A [I3]) were generated 

by GenScript. Plasmids carrying exons 11–15 of the DMPK 

gene expressing 0 (DMPKS) or 480 CTG repeats under the 
control of a CMV promoter were a gift from Dr. Thomas 
Cooper (Baylor College of Medicine). The TNNT2 minigene 
(RTB300) was also a gift from Dr. Thomas Cooper (Ad- 
dgene plasmid #80410; http://n2t.net/addgene:80410; RRID: 
Addgene_80410 ) [ 36 ]. RIM3,4 mutants were constructed us- 
ing site-directed mutagenesis, mutating the following amino 

acids E187A/F202A and D233A/Y236A. Tcea2 mini-gene re- 
porter was generated by PCR amplifying Exons 5 to Exon 

10 from genomic mouse DNA using the following primer 
pairs: (Fwd: tcactatagggagacccaCTGCAAGAAGCCAGATC- 
CACC, Rev: cactatagaatagggccctTCAGCAGAACTGAAG- 
GAAGGCAGAGAAATG). The PCR product was then assem- 
bled with homology-based cloning NEBuilder HiFi DNA As- 
sembly Master Mix (NEB, E2621S) using HindIII and XbaI 
linearized pcDNA3.1. 

Cell lines and transfection 

Neuro2a cells (ATCC, CCL-131), SH-SY5Y cells (ATCC,
CRL-2266), and MBNL1/2 double-knockout mouse embry- 
onic fibroblasts (DKO MEFs; gift from Dr. Maurice Swan- 
son) were cultured in DMEM, high glucose, pyruvate supple- 
mented with 100 U/mL penicillin, 100 mg/mL streptomycin,
10 mM HEPES, and 10% fetal bovine serum (FBS). Wildtype 
and DM1 human fibroblasts (gift from Dr. Maurice Swanson) 
were cultured in the same medium, except that FBS was in- 
creased to 20%. All cells were kept in a humidified incubator 
with 5% CO2 at 37◦C. 

http://n2t.net/addgene:80410;
https://scicrunch.org/resolver/RRID:Addgene_80410
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For Nano-Trap experiments involving Neuro2a, cells were
ransfected with Transporter 5 (Kyfora Bio, 26008) accord-
ng to the manufacturer’s instructions, then collected af-
er overnight expression for immunoprecipitation. All other
ransfections were performed using Lipofectamine 2000
Fisher Scientific, 11–668-019) with 24- or 40-h expression
or splicing analysis. 

mmunoprecipitation 

euro2a cells were collected after transfection by scraping
rom 10 cm2 plates with ice-cold phosphate-buffered saline
PBS) and centrifuging at 500 g in a 4◦C centrifuge for 3
inutes. Removing the supernatant, the cell pellet was resus-
ended in ice-cold PBS and again spun at 500 g for 3 min-
tes; this process was then repeated one more time. After the
ashes, the cell pellets were resuspended with lysis buffer (10
M Tris–HCl (pH 7.5), 150 mM NaCl, 0.5 mM EDTA, 0.5%
P-40) containing protease/phosphatase inhibitor (Halt Pro-

ease and Phosphatase Inhibitor, Thermo Scientific, 78441).
he resuspended pellet was incubated on ice for 30 minutes
ith extensive pipetting every 10 minutes. The lysate was

pun at 17 000 g in the 4◦C centrifuge for 10 minutes, and
he supernatant was collected. Protein concentration was de-
ermined using Pierce BCA Assay (Thermo Scientific, 23227),
nd 10 μg of protein was set aside to be run as input. From
he remaining supernatants, equal amounts of protein were
ncubated with 25 μL of GFP-Trap (Proteintech, gtma-10) or
FP-Trap magnetic agarose (Proteintech, rtma-10), rotating

or 1 hout at 4◦C. The beads were washed three times with
ash buffer (10 mM Tris–HCl (pH 7.5), 150 mM NaCl, 0.5
M EDTA, 0.05% NP-40) and boiled in 2X Laemmli buffer

Bio-Rad, 1610737) at 95 ◦C for 10 minutes, unless noted oth-
rwise. The Laemmli buffer was supplemented with reduc-
ng agent β-Mercaptoethanol (β-ME) or Dithiothreitol (DTT)
s indicated. After boiling, the beads were magnetically sep-
rated, and the sample left behind was used for Western blot
nalysis. 

For nuclear-cytoplasmic fractionation or IPs performed on
he nuclear fraction of transfected cells, the cell pellet was
rst resuspended in lysis buffer (20 mM Tris–HCl (pH 7.5),
0 mM KCl, 2 mM MgCl2 , 1 mM EGTA, 0.1% NP-40) and
entrifuged at 1000 g for 5 minutes at 4◦C. The supernatant
an be saved as the cytoplasmic fraction, while the remain-
ng pellet is washed with wash buffer (20 mM Tris–HCl (pH
.5), 150 mM KCl, 2 mM MgCl2 , 1 mM EGTA, 0.2% NP-
0) and centrifuged again at 1000 g for 3 minutes in the re-
rigerated centrifuge. The resulting pellet, containing nuclei,
as resuspended with DNase buffer (20 mM Tris–HCl (pH
.5), 100 mM NaCl, 2 mM MgCl2 , 1 mM CaCl2 , 1% Triton
-100), supplemented with endonuclease (Benzonase, EMD
illipore, 70664–3, 1:200), and incubated on ice for 20–30
inutes. After centrifugation at 1000 g for 3 minutes at 4◦C,

he nuclei were lysed with RIPA buffer (25 mM Tris–HCl (pH
.5), 150 mM NaCl, 0.1% SDS, 0.5% sodium deoxycholate,
% Triton X-100) for 20–30 minutes on ice, after which the
ysate was spun at 2000 g for 3 minutes at 4◦C and the su-
ernatant was collected. All lysis, wash, and DNase buffers
ontained protease/phosphatase inhibitor. Protein concentra-
ion was again determined using Pierce BCA Assay, and equal
mounts of protein were incubated with 25μL RFP-Trap or
FP-Trap magnetic agarose, rotating for 1 hour at 4◦C. The
beads were washed three times with RIPA buffer and boiled
in 2X Laemmli buffer at 95 ◦C for 10 minutes. 

Immunoprecipitation of endogenous MBNL1 and MBNL2
was conducted using a modified CLIP protocol [ 37 ]. Neuro2a
cells, plated the day before, were scraped off with ice-cold PBS
and centrifuged at 500 g for 4 minutes. With the supernatant
removed, each pellet was resuspended in 500μL lysis buffer
(50 mM Tris–HCl (pH 7.5), 100 mM NaCl, 1 mM MgCl2 , 0.1
mM CaCl2 , 1% NP-40, 0.1% sodium deoxycholate, 0.05%
SDS), containing protease/phosphatase inhibitor and endonu-
clease. For IPs involving human fibroblasts, Benzonase was re-
placed with Micrococcal Nuclease (Thermo Scientific, 88216),
which required the addition of CaCl2 to a final concentration
of 5 mM. The resuspended pellet was incubated on ice for
30 minutes with extensive pipetting every 10 minutes. Dur-
ing this time, 100μL of protein A Dynabeads (Invitrogen,
10001D) or Sheep anti-Mouse IgG Dynabeads (Invitrogen,
11031) were transferred to a 1.5 mL microcentrifuge tube and
washed 3X with lysis buffer. After the third wash, the beads
were resuspended in 200μL of lysis buffer with 3 ug of rab-
bit ɑ -MBNL1 antibody (Millipore Sigma, ABE241) or normal
Rabbit IgG (Millipore Sigma, 12–370) added for the MBNL1
IP or 5μg of mouse ɑ -MBNL2 3B4 antibody (Santa Cruz, sc-
136167) or normal Mouse IgG (Millipore Sigma, 12–371)
added for the MBNL2 IP. The antibody-bead mixture was
then rotated at 4 ◦C for 30–60 minutes. Meanwhile, the cell
lysates were centrifuged at maximum speed for 3 minutes, the
supernatant was carefully collected, and the protein concen-
tration was determined using Pierce BCA Assay. The antibody-
conjugated beads were washed again 3X with lysis buffer,
and an equal amount of protein was added to each. Sam-
ples were rotated overnight at 4 ◦C. The next day, the beads
were washed two times with high-salt wash buffer (50 mM
Tris–HCl (pH 7.5), 1 M NaCl, 1 mM EDTA, 1% NP-40, 0.1%
sodium deoxycholate) and boiled in 2X Laemmli buffer, con-
taining or lacking β-Mercaptoethanol, for 5 minutes at 95◦C.
After boiling, the beads were magnetically separated, and the
eluted sample was used for Western blot analysis. 

For IPs involving the mouse brain, the tissue was harvested
from E17.5 C57/BL6 mouse embryos and their adult mother
(Charles River Laboratories), weighed, and suspended in 10
volumes of lysis buffer per gram of tissue. The lysis buffer
also contained protease/phosphatase inhibitor and Benzonase.
The tissue was disrupted with a Dounce homogenizers and
incubated on ice for 10 minutes. The lysates were cleared by
centrifugation at 4◦C for 15 minutes at 7500 g, and the su-
pernatant was used for endogenous immunoprecipitation de-
scribed above. Mouse care and brain dissections were per-
formed in adherence to policies and regulations from the Insti-
tutional Animal Care and Use Committee (IACUC) at Emory
University. 

Western blotting 

Immunoprecipitated proteins were separated on 4–20% Tris-
Glycine polyacrylamide gradient gels (Bio-Rad, 4561096) and
transferred onto 0.45 mm nitrocellulose membranes. Mem-
branes were blocked in 5% BSA in PBS before being incu-
bated overnight at 4◦C with primary antibody diluted in 5%
BSA in PBS containing 0.1% Tween 20 (PBS-T). The following
day, membranes were incubated with IRDye 680LT donkey
anti-mouse (1:20000, LICOR, 926–68072) and either IRDye
680LT donkey anti-rabbit (1:20000, LICOR, 926–68073)
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or HRP mouse anti-rabbit IgG light chain (1:5000, Jack-
son ImmunoResearch, 211–032-171), diluted in 5% BSA
in PBS-T, for 1 hour at RT. All blots were also incubated
with Rhodamine-conjugated ɑ -GAPDH human Fab frag-
ment (1:1000, Bio-Rad, 12004168). HRP was detected using
Tanon™ High-sig ECL Western Blotting Substrate (ABclonal,
180–5001) and the blots were imaged on the ChemiDoc MP
system and quantified using Image Lab software (Bio-Rad).
Any quantification of signal from Western blot bands included
normalization to the GAPDH housekeeping protein. 

RNA sequencing and differential splicing analysis 

RNA was extracted transfected from WT and DKO MEFs us-
ing the Quick-RNA Miniprep Kit (Zymo Research, R1054)
with on-column DNase I digestion. Total RNA was Poly-A
enriched by Novogene and sequenced on a paired-end 150
bp cycle. Each sample had at least > 22 million reads. Raw
reads were trimmed with fastp (version 0.23.4) using default
settings. Trimmed reads were then aligned with STAR (version
2.7.11a) using a Gencode M33 149 bp built index with default
settings. BAM outputs from the STAR alignment were then
used to perform differential splicing analysis using rMats-
Turbo (version 4.2), with the following settings: –readlength
150, –variable-read-length, –allowclipping. To visualize splic-
ing differences, inclusion levels were obtained from the rMats
junction output files and plotted in R (version 4.3.3) ggplot2
(version 3.5). Quantification of EGFP was done using Salmon
(version 1.10.2), by mapping trimmed reads with the default
settings to a mm39 decoy-aware index containing GRCm39
cDNA and ncRNA sequences (v110) along with the EGFP se-
quence from the MBNL1 constructs. MEF MBNL1/2 HITS-
CLIP wig files were obtained from GEO: GSE60487. Using
BEDOPS (version 2.4.41), wig files were converted to bed
format using the -wig2bed command. The final bed file con-
taining HITS-CLIP sites was converted to mm39 coordinates
using the UCSC genome browser liftover tool. Sashimi plots
were generated using ggsashimi (version 1.1.5). 

Reverse transcription PCR (RT-PCR) 

RNA was extracted from transfected MEFs and human fi-
broblasts using either the Quick-RNA Miniprep Kit (Zymo
Research, R1054) or the Direct-zol RNA Miniprep Kit (Zymo
Research, R2050) with the on-column DNase I digestion.
RNA was reverse transcribed using the High-Capacity cDNA
Reverse Transcription kit (Applied Biosystems, 4368814) with
random hexamers according to the manufacturer’s protocol.
PCR was performed on the resulting cDNA using primers
that spanned the segment of interest and complemented con-
stitutive exons of the respective gene ( Tcea2 exon 3 FWD:
tgccaagtccctcatcaagtc , exon 8-Endogenous-PCR REV: tcacg-
gatggcctccttagt, exon 5 FWD: acgaccacgtggccg , exon 8-Mini-
gene-PCR REV: ctgcgtgtaggtgcagttcttct ; Wnk1 FWD: agtcagc-
ctcaagtgtcagc , REV: tttgttctggaggagcagcc ). Primers for exon 4
of the TNNT2 mini-gene (RTB300) and MBNL1 exon 7 have
been reported previously [ 28 ]. All cDNA was PCR-amplified
for 30 cycles, except RTB300, which was amplified for 28 cy-
cles, using Hot Start Taq 2x Master Mix (New England Bio-
labs, M0496S). The Wnk1 products were run on a 1% TBE
agarose gel with SYBR Safe (Invitrogen, S33102), the Tcea2
products on a precast 1% TBE agarose gel with ethidium
bromide (Bio-Rad, 1613028), and the RTB300 and MBNL1
products on precast 3% TBE agarose gels with ethidium bro-
mide (Bio-Rad, 1613030). All gels were run for 1 hour at 
100V, then imaged on the ChemiDoc MP system and quan- 
tified using Image Lab software. 

For TNNT2 exon 5 mini-gene (RTB300) GFP-MBNL1- 
41 combination splicing experiments, MBNL1/2 DKO MEFs 
were transfected in 12-well plates using TransIT X2 (Mirus,
MIR6005) with 312.5 ng mini-gene and 937.5 ng (1x) of 
MBNL1-41 variant (or 0.5x for combination experiments).
RNA was extracted using the Direct-zol RNA Miniprep Kit 
(Zymo Research, R2050) with on-column DNase I digestion.
RNA was reverse-transcribed using the SuperScript IV first- 
strand synthesis system with Oligo(dT)20 primer (Thermo,
18091050). cDNA was PCR-amplified using Q5 high-fidelity 
2x master mix (New England Biolabs, M0492) for 30 cycles 
and run on a 2.5% TAE agarose gel for 1.5 hours at 100V 

and imaged on a ChemiDoc MP system and quantified using 
ImageJ2. 

Identification of PCR products produced from Tcea2 mini- 
gene reporter was performed by first purifying PCR samples 
using Monarch PCR & DNA Cleanup Kit (New England Bi- 
olabs, T1030), followed by mixed amplicon sequencing (Plas- 
midsaurus, USA). 

Generation of full-length and truncated GFP-TCEA2 

The presence or absence of intron 6 in Tcea2 was verified by 
Sanger sequencing (Genewiz, USA) of the gel-purified RT-PCR 

products. We created primers that span the coding sequence 
of Tcea2 , which lacks intron 6, and results in a full-length ver- 
sion of the protein, and Tcea2 that possesses intron 6, which 

contains a premature termination codon. The primers were 
also designed to generate Acc65I and BamHI restriction en- 
zyme sites for insertion into the pEGFP-C1 vector. The result- 
ing GFP-TCEA2 plasmids were confirmed by Plasmidsaurus 
using Oxford Nanopore Technology with custom analysis and 

annotation. 

Immunofluorescence (IF) 

Transfected Neuro2a were washed once with PBS, fixed with 

4% paraformaldehyde (PFA) diluted in PBS for 10 min, then 

washed 3 × 5 minutes with PBS. Cells were permeabi- 
lized with 0.2% Triton X-100 in PBS before being washed 

again 3 × 5 minutes with PBS. Neuro2a transfected with 

GFP-MBNL1/2 isoforms and mutants or mCherry-3xFlag- 
MBNL1-41 and the Ex. 7,8,10 fragment were mounted with 

ProLong Glass containing NucBlue (Invitrogen, P36981).
N2A transfected with GFP-TCEA2 plasmids were incu- 
bated with HCS CellMask Deep Red Stain (Fisher Scientific,
H32721) diluted in PBS (1:10000) for 10 minutes before 3 ×
5 minutes PBS washes and mounting. All steps were carried 

out at room temperature (RT). 

RNA Fluorescence in situ hybridization (FISH) 

Before starting, all prepared solutions were made fresh using 
diethyl pyrocarbonate-treated water and RNase-free reagents.
First, cells were fixed with 4% PFA for 10 minutes at RT 

and washed 3 × with 1X PBS. Cells were then washed once 
with 2X saline-sodium citrate (SSC) for 10 minutes at RT and 

once with 2X SSC containing 10% formamide, which was 
pre-warmed to 37◦C, for 5 minutes at 37◦C. Cells were pre- 
hybridized with hybridization buffer (10% formamide, 2X 

SCC, 0.05X PBS, 10% Dextran Sulfate, 10 mM Ribonucle- 
oside Vanadyl Complexes, 2 μg/μL BSA, 0.66 μg/μL Salmon 
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perm DNA, 0.66 μg/μl tRNA) for 1.5 h in a 37◦C humidified
hamber. Afterwards, cells were transferred to hybridization
uffer containing CAG10 Cy3 (IDT) at a concentration of 1.85
M and again incubated at 37◦C in a humidified chamber for
6 h. After hybridization, the coverslips were washed twice
or 20 minutes each at 37◦C in SSC/10% formamide that had
een pre-warmed to 37◦C. Next, the cells were washed with
X SSC 3 times successively, then two times for 5 minutes each
t RT. For FISH experiments including IF, the cells were im-
ediately incubated in IF blocking buffer for 1 hour at RT,

hen with primary antibody in IF blocking buffer overnight at
◦C. After washing 3 × with PBS, secondary antibody incuba-
ion in IF blocking buffer was performed for 1 hour at RT with
he following: donkey ɑ -mouse Alexa 488 (1:500, Jackson Im-
unoResearch, 715–545-150). The coverslips were washed 3
ore times with PBS and mounted with ProLong Glass con-

aining NucBlue. 

ixed cell imaging 

ixed cell imaging of transfected Neuro2A cells, DKO MEFs,
nd human fibroblasts was performed using widefield illumi-
ation on a Nikon Eclipse Ti-E inverted fluorescent micro-
cope with a Plan-Neofluar 1.4 NA x60 oil objective. 15–20
mages were taken in a z-series at 2μm steps and deconvolved
sing a 3D blind constrained iterative algorithm (AutoQuant,
yberMetrics). All images are displayed as maximum inten-

ity projections of the deconvolved slices. 

mage analysis 

maris imaging software (Bitplane) was used to count foci and
easure their volume in DKO MEFs co-transfected with wild-

ype or C325A GFP-MBNL1-41 and DMPKS or 480CTG
lasmids. Discrete spots that contained colocalization of CUG
NA signal and GFP-MBNL1 signal were deemed legitimate

oci for the purpose of counting. For volume measurement,
he ‘Coloc’ module of Imaris was used to create a new channel
ased on colocalized pixels. 3-D volumes were created from
his colocalization channel, which were used to calculate total
oci volume and average foci volume. 

tatistics and reproducibility 

ll experiments were performed at least three times. Images
hown in panels represent consistent results observed across
ll replicates. Statistical analyses performed are referenced in
ach figure legend. All analyses were performed using Graph-
ad Prism (Version 10.0.2). 

esults 

ndogenous MBNL1 forms reducing 

gent-sensitive high molecular weight species in 

ell lines and mouse brain tissues 

revious work demonstrated that immunoprecipitation (IP) of
FP-MBNL1 and elution without boiling produces a novel
estern blot band located at twice the expected molecular
eight of MBNL1, representing an MBNL1 dimer [ 27 ]. To
erify that endogenous MBNL1 forms a dimer, we immuno-
recipitated (IPed) MBNL1 from mouse (Neuro2a) and hu-
an neuroblastoma cell lines (SH-SY5Y), eluting with sample
uffer containing or lacking β-ME. In the sample eluted with
uffer lacking β-ME, we observed a MBNL1 band twice its
expected molecular weight, which was absent in the sample
eluted with buffer containing β-ME ( Supplementary Fig. 1 A).
The dimer band was also absent from the input lanes, in-
dicating a limited proportion of MBNL1 exists as a dimer
( Supplementary Fig. 1 A). We also performed an IP of endoge-
nous MBNL1 from embryonic (E17.5) and adult mouse brain
to demonstrate that MBNL1 dimerization also occurs in tis-
sue. A MBNL1 dimer band, as well as a band located at a
molecular weight three times that of MBNL1 monomer, was
observed in the sample IPed from E17.5 mouse brain and
eluted with sample buffer lacking β-ME ( Supplementary Fig.
1 B). These high molecular weight (HMW) bands were greatly
reduced in MBNL1 that was IPed from adult mouse brain
and eluted under non-reducing conditions ( Supplementary
Fig. 1 B). Comparing the intensities of both HMW bands and
the monomeric band, we found that the MBNL1 HMW-to-
monomer ratio was significantly higher in embryonic com-
pared to adult brain ( Supplementary Fig. 1 C). Both HMW
bands were also absent from all input lanes and MBNL1 IPed
and eluted under reducing condition ( Supplementary Fig. 1 B).
Sensitivity to β-ME suggested the MBNL1 dimer and HMW
species are held together by one or more disulfide bonds be-
tween cysteines in MBNL1. 

A cysteine residue in exon 7 of MBNL1 is necessary
for its homodimerization via disulfide bond 

formation 

Given the sensitivity of the MBNL1 dimer to reducing condi-
tions and the established connection between MBNL1 exon 7
and dimerization [ 26 , 27 ], we hypothesized that one or more
cysteine residues in MBNL1 exon 7 form intermolecular disul-
fide bonds. Exon 7 is located in the unstructured C-terminal
domain of MBNL1, which also contains a bipartite NLS that
spans exons 5 and 6 (Fig. 1 A). Upon inspection, we found
a cysteine in exon 7 that is conserved among MBNL ortho-
logues (Fig. 1 A). To test its involvement in MBNL1 homod-
imerization, we mutated the exon 7 cysteine (Cys325) to ala-
nine in GFP-tagged MBNL1-41, a 41kDa MBNL1 isoform
that lacks exon 5 and is present in both the nucleus and cyto-
plasm (Fig. 1 B). We used GFP-tagged MBNL-40, which lacks
both exon 5 and exon 7, as a negative control (Fig. 1 B). Mu-
tation of Cys325 to alanine (C325A) did not appear to al-
ter the distribution or expression level of GFP-MBNL1-41 in
Neuro2a cells ( Supplementary Fig. 2 A). In parallel to imaging,
we performed GFP IP on transfected Neuro2a cells, again elut-
ing under either reducing or non-reducing conditions. A band
corresponding to a GFP-MBNL1 dimer was only present in
the lane containing GFP-MBNL1-41 that was IPed and eluted
with sample buffer lacking β-ME (Fig. 1 C). The dimer band
was absent in samples of IPed GFP-MBNL1-41 eluted with β-
ME and samples of IPed GFP-MBNL1-40 and GFP-MBNL1-
41 C325A eluted without β-ME (Fig. 1 C). Like the endoge-
nous MBNL1 IPs, the dimer band was absent from all input
lanes, suggesting that, even when overexpressed, very little
MBNL1 exists as a dimer. To verify that β-ME is not the only
reducing agent capable of breaking the disulfide bond hold-
ing the MBNL1 dimer together, we tested another commonly
used reducing agent, DTT. When added to the elution buffer,
DTT eliminated the dimer band in IPed GFP-MBNL1-41 in a
concentration-dependent manner ( Supplementary Fig. 2 D, E).

Next, we tested whether nuclear MBNL1 isoforms,
MBNL1-42 and MBNL1-43, which contain the full bipartite

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag538#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag538#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag538#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag538#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag538#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag538#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag538#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag538#supplementary-data
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Figure 1. A cysteine residue in exon 7 of MBNL1 is responsible for its homodimerization. ( A ) Exon and protein domain structure of human MBNL1. 
Constitutive exons are colored gray and alternative exons white. The canonical splicing pattern is represented by solid lines, while alternative patterns 
are represented by dashed lines. A callout of exon 7 shows the location of a cysteine residue conserved among multiple species. Created in BioRender. 
Bassell Lab, G. (2026) https:// BioRender.com/ q33q0k6 . ( B ) Table listing MBNL1 isoforms, mutants, and fragments used throughout Fig. 1 . The presence 
of exon 5, which determines nucleocytoplasmic distribution, and exon 7, which determines capacity for dimerization, is indicated for each protein. ( C ) 
Representative western blot against GFP, MBNL1, and GAPDH following IP of GFP-MBNL1-40, −41, and −41 C325A from transfected Neuro2a cells. 
Samples were prepared or eluted with Laemmli buffer containing or lacking β-ME. ( D ) Representative western blot against GFP, MBNL1, and acetylated 
Histone H3 following IP of GFP-MBNL1-42, −43, and −43 C343A from nuclear lysate of transfected Neuro2a cells. Samples were prepared or eluted 
with or without β-ME. ( E ) (Left) Representative images showing the distribution of full-length 3xFlag-mCherry-MBNL1-41 and a 3xFlag-mCherry-tagged 
fragment of MBNL1 Exons 7, 8, 10 in transfected Neuro2a cells. Scale bars = 5μm. (Right) Representative western blot against Flag and GAPDH 

following IP of full-length and fragment versions of 3xFlag-mCherry-MBNL1. Samples were prepared or eluted with or without β-ME. ∗indicates species 
composed of the 3xFlag-mCherry-MBNL1 Exon 7,8,10 fragment. 

 

 

 

 

 

 

 

 

 

NLS, are also able to form dimers (Fig. 1 B,D). The exon 7
cysteine in GFP-MBNL1-43, Cys343, was again mutated to
alanine (C343A) (Fig. 1 B), and GFP-MBNL1-42, which lacks
exon 7, was used as a negative control. Imaging revealed no
major differences in expression or distribution between wild-
type and mutant GFP-MBNL1-43 ( Supplementary Fig. 2 B).
We performed another GFP IP on the nuclear fraction of trans-
fected Neuro2a cells and found that the dimer band was now
found not only in the lane containing GFP-MBNL1-43 IPed
and eluted without β-ME, but also in the corresponding in- 
put lane (Fig. 1 D). These results suggest that the amount of 
MBNL1 present as a dimer is higher in the nucleus than in the 
cytosol, and that this high molecular weight band is not an 

artifact of IP. We ruled out the influence an N-terminal GFP 

tag might have on MBNL dimerization by swapping the GFP 

for an HA tag and moving it to the C-terminus of MBNL1- 
43 and MBNL1-43 C343A ( Supplementary Fig. 2 C). The fact 
that IP was unnecessary for visualization of the more abun- 

https://BioRender.com/q33q0k6
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag538#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag538#supplementary-data


MBNL dimerization regulates splicing and RNA foci formation 7

d  

t  

t  

w  

i  

b  

t  

p  

c  

e  

C  

T  

i
 

i  

f  

s  

u  

M  

R  

t  

m  

b  

t  

o  

p  

i  

d  

e  

R  

e  

M

E
a
d

E  

n  

d  

n  

a  

3  

p  

p  

M  

i  

i  

g  

d  

s  

F  

a  

t  

p  

c  

p  

d  

d  

w  

T  

M  

o  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ant nuclear dimer allowed us to probe other properties of
he MBNL1 dimer. Following fractionation of Neuro2a cells
ransfected with MBNL1-43-HA or MBNL1-43-HA C343A,
e prepared the nuclear lysate with sample buffer contain-

ng β-ME, but varied the amount of time the lysate was
oiled at 95◦C. Western blot of these samples revealed that
he MBNL1-43-HA dimer band was present when the sam-
les were not boiled, but it gradually disappeared with in-
reasing boiling time ( Supplementary Fig. 2 C). However, as
xpected, the dimer band was absent in the MBNL1-43-HA
343A sample even without boiling ( Supplementary Fig. 2 C).
he greater abundance of MBNL1 dimerization in the nucleus

ntimated a possible nuclear function for the MBNL1 dimer. 
We included RNase in all IPs conducted for MBNL dimer-

zation to rule out high molecular weight species that might
orm due to multiple proteins binding the same RNA tran-
cript. However, to test whether RNA-binding is a prereq-
isite for MBNL1 dimerization, we employed a fragment of
BNL1 that lacks exons 1–6, rendering it unable to bind

NA (Fig. 1 E). Both full-length MBNL1-41 and this C-
erminal fragment containing exon 7 were fused to 3xFlag-
Cherry, allowing us to perform an RFP IP, elute with sample
uffer lacking or containing β-ME, and compare dimeriza-
ion. Bands twice the respective expected molecular weights
f full-length and fragmented 3xFlag-mCherry-MBNL1 were
resent in the samples IPed and eluted with sample buffer lack-
ng β-ME (Fig. 1 E). The 3xFlag-mCherry-MBNL1 fragment
imer band disappeared when β-ME was included in the IP
lution buffer (Fig. 1 E). The results of this IP demonstrate that
NA-binding is not a prerequisite for dimerization, and that

xons 7, 8, and 10 contain the minimum residues sufficient for
BNL1 dimerization. 

ndogenous MBNL2 also forms reducing 

gent-sensiti ve dimer s in a process that is 

evelopmentally regulated 

xon 7 is also conserved in MBNL2, a paralog of MBNL1, but
o research has been conducted into its dimerization. We also
etected a high molecular weight band in samples of endoge-
ous MBNL2 that were IPed from Neuro2a or SH-SY5Y cells
nd eluted in sample buffer lacking β-ME ( Supplementary Fig.
 A). This high molecular weight band, which was twice the ex-
ected molecular weight of MBNL2, is the first evidence sup-
orting the existence of an MBNL2 dimer. Like MBNL1, the
BNL2 dimer band was absent in samples eluted in reduc-

ng conditions ( Supplementary Fig. 3 A). Sensitivity to reduc-
ng conditions suggests that the MBNL2 dimer is also held to-
ether by at least one disulfide bond. Additionally, the MBNL2
imer band was missing from the input lanes, indicating a
carcity similar to that of the MBNL1 dimer ( Supplementary
ig. 3 A). We also IPed MBNL2 from embryonic (E17.5) and
dult mouse brain. A dimer band was observed for MBNL2
hat was IPed from E17.5 mouse brain and eluted with sam-
le buffer lacking β-ME ( Supplementary Fig. 3 B). Like the IPs
onducted on MBNL1, the dimer band was absent from in-
ut lanes and MBNL2 IPed and eluted under reducing con-
ition ( Supplementary Fig. 3 B). However, unlike MBNL1, a
imer band was also detected in the lane with MBNL2 that
as IPed from adult mouse brain ( Supplementary Fig. 3 B).
his might be due to MBNL2 expression being higher than
BNL1 in adult brain tissue [ 38 , 39 ]. Nevertheless, the ratio

f MBNL2 dimer to monomer differed greatly between E17.5
and the adult mouse brain. A strong MBNL2 dimer band in
embryonic brain decreased slightly in adult brain, whereas
monomeric MBNL2, which was quite weak in embryonic
brain, intensified significantly in adult brain, increasing by al-
most fourfold ( Supplementary Fig. 3 B,C). This resulted in a
significantly greater MBNL2 dimer-to-monomer ratio in em-
bryonic brain compared to adult brain ( Supplementary Fig.
3 C). This suggests that, as MBNL2 levels increase during the
development of the brain, the ratio of the dimeric MBNL2
decreases ( Supplementary Fig. 3 C). 

Multiple cysteine residues in the C-terminus 

contribute to MBNL2 dimerization 

Like MBNL1, the endogenous MBNL2 dimer was also sen-
sitive to reducing conditions, leading us to hypothesize that
it also contains at least one cysteine residue capable of form-
ing an intermolecular disulfide bond. Three major isoforms of
MBNL2 exist in humans: Isoform 1 (MBNL2-I1), Isoform 3
(MBNL2-I3), and Isoform 4 (MBNL2-I4). Apart from exons
5, 9, and 10, the other seven exons of MBNL1 are all con-
served in MBNL2. Unique to MBNL2, however, is its final
C-terminal exon, which is alternatively spliced to yield either
a short, 3 amino acid-long tail, or a long, 41 amino acid-long
tail, the latter of which includes 4 cysteine residues exclusive
to MBNL2 (Fig. 2 A, B). MBNL2-I1 possesses the conserved
exon 7 from MBNL1 and the short tail, making it functionally
equivalent to MBNL1 from the standpoint of dimerization
(Fig. 2 A, B, C). MBNL2-I3 and MBNL2-I4, on the other hand,
both possess the long tail unique to MBNL2 (Fig. 2 A, B). We
began by confirming that the properties of cysteine residues
do not change in the context of the MBNL2 C-terminal do-
main. To do this, we mutated the single, conserved cysteine
(Cys324) in a GFP-tagged version of MBNL2-I1 to alanine
(C324A) (Fig. 2 C). When we performed a GFP IP, a band cor-
responding to a GFP-MBNL2 dimer was only present in the
lane containing wild-type GFP-MBNL2-I1 that was IPed and
eluted with sample buffer lacking β-ME (Fig. 2 D). This GFP-
MBNL2 dimer band disappeared when β-ME was included in
the elution buffer (Fig. 2 D). The GFP-MBNL2 dimer was ab-
sent from IPed GFP-MBNL2-I1 C324A, even when β-ME was
excluded from the elution buffer (Fig. 2 D). The C324A mu-
tation did not appear to affect the distribution or expression
of GFP-MBNL2-I1 when transfected and imaged in Neuro2a
cells ( Supplementary Fig. 4 A). We proceeded to perform GFP
IPs on GFP-tagged versions of the remaining two MBNL2
isoforms to assess whether the cysteines unique to MBNL2
support dimerization and whether a varying number of cys-
teines influences the amount of MBNL2 present as a dimer
(Fig. 2 E). However, we first had to consider a recent study,
which revealed that the long tail version of MBNL2 is rich in
proline, glutamic acid, serine, and threonine. This PEST degra-
dation motif results in variable protein levels among MBNL2
isoforms [ 40 ]. Quantifying the MBNL2 signal from the in-
put lanes of our GFP IPs, we were able to corroborate find-
ings from the study: normalized GFP-MBNL2-I1 signal was
significantly greater than GFP-MBNL2-I3 and GFP-MBNL2-
I4 (Fig. 2 E). However, despite differences in protein levels, all
three GFP-MBNL2 isoforms formed dimer bands when IPed
and eluted with sample buffer lacking β-ME, resulting in sim-
ilar dimer-to-monomer ratios (Fig. 2 E). When β-ME was in-
cluded in the elution buffer for GFP-MBNL2-I4, which con-
tains the largest number of cysteines, the dimer band disap-

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag538#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag538#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag538#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag538#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag538#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag538#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag538#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag538#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag538#supplementary-data
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https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag538#supplementary-data
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Figure 2. The carboxy-terminal domain of MBNL2 contains multiple cysteines that allow it to homodimerize. ( A ) Comparison of exonic structure between 
the C-terminal domains of MBNL1 and MBNL2 . Constitutive exons are colored gray and alternative exons white. Dotted lines indicate conservation of 
exons between MBNL1 and MBNL2 . Callouts show the location of the cysteine residues within conserved exon 7/6 and the unique, long form of exon 8 
(B) in MBNL2. Note that NSE∗ are the last amino acids of exon 8a. Created in BioRender. Bassell Lab, G. (2026) https:// BioRender.com/ q33q0k6 . ( B ) 
Table listing MBNL2 isoforms and mutants used in Fig. 2 . The presence of exon 6 and either the short (A) or long (B) form of exon 8 is indicated for each 
protein, along with the total number of C-terminal domain cysteines. ( C ) Illustration of the C -terminal domains of MBNL1-41 and MBNL2-I1, along with 
the C324A mutation in the latter. Created in BioRender. Bassell Lab, G. (2026) https:// BioRender.com/ q33q0k6 . ( D ) Representative western blot against 
MBNL2 and GAPDH following IP of GFP-MBNL2-I1 and GFP-MBNL2-I1 C324A from transfected Neuro2a cells. Samples were prepared or eluted with 
Laemmli buffer containing or lacking β-ME. ( E ) (Left) Representative western blot against MBNL2 and GAPDH following IP of GFP-MBNL2-I1, −I3, and 
−I4 from transfected Neuro2a cells. Samples were prepared or eluted with or without β-ME. (Center) Quantification of GFP-MBNL2 isoform levels 
normalized to GAPDH and (Right) dimer-to-monomer ratio of IPed GFP-MBNL2 isoforms. Mean and standard error are reported across three biological 
replicates. ∗∗P < 0.01, ∗∗∗P < 0.001 by one-way ANOVA with Tukey’s post-hoc test. ( F ) (Left) Representative western blot against MBNL2 and GAPDH 

following IP of GFP-MBNL2-I3 C332A, C343A, C345A, and C361A from transfected Neuro2a cells. All samples were prepared or eluted in Laemmli buffer 
lacking β-ME. (Center) Quantification of each GFP-MBNL2-I3 mutant normalized to GAPDH and (Right) dimer-to-monomer ratio of IPed GFP-MBNL2-I3 
mutants. Mean and standard error are reported across three biological replicates. ∗∗P < 0.01 by one-way ANOVA with Tukey’s post-hoc test. 

https://BioRender.com/q33q0k6
https://BioRender.com/q33q0k6
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eared (Fig. 2 E). The existence of multiple cysteine residues
nique to MBNL2 led us to wonder whether all are required
or MBNL2 dimerization. 

As we had already confirmed that changing the single
onserved cysteine in MBNL2-I1 abolishes its dimerization,
e decided to focus solely on the cysteine residues unique

o MBNL2. We serially mutated each of the four cysteine
esidues in the C-terminus of GFP-MBNL2-I3, which lacks
he conserved exon 7 from MBNL1 and thus contains
nly cysteines exclusive to MBNL2 (Fig. 2 B). This resulted
n four GFP-MBNL2-I3 mutants: GFP-MBNL2-I3 C332A,
FP-MBNL2-I3 C343A, GFP-MBNL2-I3 C345A, and GFP-
BNL2-I3 C361A (Fig. 2 B). When we performed GFP IPs

n these mutants and eluted without β-ME, only MBNL2-
3 C332A formed a dimer comparable to unmutated GFP-

BNL2-I3 (Fig. 2 E, F). Mutation of any of the remaining sin-
le cysteine residues abolished or greatly reduced the amount
f GFP-MBNL2-I3 present as a dimer (Fig. 2 F). None of the
utations affected GFP-MBNL2-I3 distribution or expression
ased on imaging performed on transfected Neuro2a cells
 Supplementary Fig. 4 B). These results indicate Cys332 is dis-
ensable for MBNL2-I3 dimerization, yet each of the other
ysteines is necessary for dimerization. 

NAseq conducted on MBNL1/2 DKO MEFs 

xpressing WT or C325A GFP-MBNL1-41 reveals 

ovel splicing events regulated by MBNL1 

imerization 

he higher rate of MBNL1 dimerization in the nucleus
ointed to a possible nuclear function for the MBNL1 dimer.
mong the nuclear functions of MBNL1, the most highly

tudied is its regulation of alternative splicing [ 15–17 ]. To get
 clearer picture of how dimerization might affect MBNL1-
ependent alternative splicing regulation, we moved to a sys-
em free of endogenous MBNL, namely fibroblasts derived
rom Mbnl1−/ −; Mbnl2−/- mouse embryos (DKO MEFs) [ 18 ,
1 ]. We confirmed, by western blot, that WT and C325A GFP-
BNL1 could be reintroduced in DKO MEFs by transient

ransfection (Fig. 3 A, B). Just as in Neuro2a cells, a dimer band
as present when WT GFP-MBNL1-41 was IPed from trans-

ected DKO MEFs and eluted with sample buffer lacking β-
E (Fig. 3 A). Additionally, the dimer band was only detected

n the IP lane of DKO MEFs expressing GFP-MBNL1-41; it
as absent from all input lanes and the IP lane of DKO MEFs

xpressing GFP-MBNL1-41 C325A (Fig. 3 A). Levels of both
T and C325A GFP-MBNL1-41 were also similar across bi-

logical replicates probed by western blot (Fig. 3 B), ensuring
hat any changes in splicing are due to dimerization and not
ifferences in protein expression or stability. With this system
n place, we moved forward with exploring a possible role for
imerization in MBNL1-mediated alternative splicing regula-
ion. 

To accomplish this, we began by performing RNAseq on
hree independent wild-type MEF clones and three inde-
endent DKO MEF clones to establish endogenous targets
f MBNL. We also included a separate set of three DKO
EF clones transfected with either GFP-MBNL1-41 or GFP-
BNL1-41 C325A. The RNAseq reads were mapped by

TAR [ 41 ] to the genome and splice junctions, yielding ap-
roximately 176.6M, 147.3M, 154M, and 158.15M uniquely
apping reads from the three sets of WT MEFs, DKO MEFs,
nd DKO MEFs reconstituted with WT or C325A GFP- 
MBNL1-41, respectively. � values were quantitated across
all alternative splicing events (ASEs) using rMATS-turbo [ 42 ].
A similar number of all types of ASEs, skipped cassette ex-
ons, retained introns, mutually exclusive exons and alterna-
tive 5′ or 3′ splice sites, were regulated by both WT and
C325A GFP-MBNL1-41 when overexpressed in DKO MEFs
(Fig. 3 C). Of the 893 ASEs significantly altered between WT
and DKO MEFs (FDR < 0.05 and | ��|≥0.1), 191 were res-
cued ( | ��|≤0.1) by both WT and C325A GFP-MBNL1-41,
86 were rescued exclusively by WT GFP-MBNL1-41, and 103
were unexpectedly rescued only by C325A GFP-MBNL1-41
(Fig. 3 D). 

Among the 86 ASEs rescued by reconstitution with WT
GFP-MBNL1-41 alone, retention of intron 6 in Transcription
Elongation Factor A2 ( Tcea2 ) showed the greatest rescue and
least variability. MBNL-dependent intron retention has not
been studied extensively, so to ensure the veracity of this re-
sult, we designed primers spanning Tcea2 intron 6 and per-
formed RT-PCR (Fig. 3 F). After resolving the RT-PCR prod-
ucts and measuring the isoform ratios, we were able to val-
idate the results of our RNAseq: intron 6 was significantly
excluded from Tcea2 in DKO MEFs, reconstitution with the
WT GFP-MBNL1-41 resulted in a partial, but significant, res-
cue, and reconstitution with C325A GFP-MBNL1-41 failed to
rescue Tcea2 intron 6 retention (Fig. 3 G). While our manip-
ulations on endogenous Tcea2 demonstrate that dimerization
plays an important role in this retention event, we decided
to further test the interaction by generating a mini-gene re-
porter construct by cloning Tcea2 ’s Exon 5 to Exon 10 from
genomic DNA (Fig. 3 H). We subsequently performed transfec-
tions in the DKO MEF background and found that WT GFP-
MBNL1-41 was able to enhance significantly the intron reten-
tion event in comparison to GFP or C325A GFP-MBNL1-41,
which behaved similarly (Fig. 3 I). The PCR from the mini-gene
intron retention did present a previously unobserved doublet;
thus, we performed mixed amplicon sequencing of the result-
ing PCR reaction and found that the upper band of the in-
tron 6 retained PCR product arises from a partial retention of
intron 7 ( Supplementary Fig. 5 A). Overall, our minigene re-
porter demonstrates that the dimer-deficient GFP-MBNL1-41
fails to rescue intron retention, unlike the WT GFP-MBNL1-
41. We also Sanger sequenced the top band from the endoge-
nous Tcea2 PCR, which confirmed the presence of intron 6
( Supplementary Fig. 5 B). While more subtle in appearance,
GFP-MBNL1-43 C343A also fails to enhance intron reten-
tion in comparison to WT ( Supplementary Fig. 5 C). Upon
closer inspection of the Sanger sequencing chromatogram, we
noticed an in-frame, premature termination codon (PTC) lo-
cated within intron 6 of Tcea2 ( Supplementary Fig. 5 D). While
this would normally result in non-sense mediated decay [ 43 ],
the presence of a discernible band on agarose gels suggested
otherwise. If translated, retention of intron 6 would result in
a distinct 32 amino acid-long tail and premature truncation
of the TCEA2 protein ( Supplementary Fig. 5 E). We decided
to clone the full-length, canonical Tcea2 coding sequence
and the Tcea2 coding sequence containing this intronic PTC
into a GFP vector ( Supplementary Fig. 5 D). Both full-length
and truncated GFP-TCEA2 were able to be overexpressed in
Neuro2a cells and resolved by SDS-PAGE. Western blot bands
for both proteins showed similar intensity and were located
at their expected molecular weights ( Supplementary Fig. 5 D).
Given the role of TCEA2 in transcription initiation and pre-
venting R-loop formation [ 44–46 ], the data above suggest

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag538#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag538#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag538#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag538#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag538#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag538#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag538#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag538#supplementary-data
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Figure 3. RNAseq conducted on MBNL1/2 DKO MEFs expressing WT or C325A GFP-MBNL1-41 reveals novel splicing events affected by MBNL1 
dimerization. ( A ) Representative western blot against MBNL1, GFP, and GAPDH following GFP IP from wildtype MEFs or MBNL1/2 DKO MEFs 
transfected with WT or C325A GFP-MBNL1-41 or mock-transfected. All samples were prepared or eluted in Laemmli buffer lacking β-ME. ( B ) (Above) 
Representative western blot against MBNL1, GFP, GAPDH, and acetylated Histone H3 (acHH3) for whole cell lysate from DKO MEFs expressing either 
WT and C325A GFP-MBNL1-41. Samples were prepared with Laemmli buffer containing β-ME. (Below) Quantitation of MBNL1 signal normalized to 
GAPDH (left) or acHH3 (right). Mean and standard error are reported from three biological replicates. p > 0.05 by t wo-t ailed unpaired t-test. ( C ) All types 
of alternative splicing are regulated by both WT and C325A MBNL1-41. ( D ) Venn diagram of aberrant splicing events in DKO MEFs that are rescued to 
WT MEF levels ( | ��|≤0.1) by expression of WT, C324A, or both GFP-MBNL1-41 species. ( E ) Sashimi plot highlighting retained intron 6 of Tcea2 
identified from RNAseq conducted on WT MEFs, DKO MEFs, and DKO MEFs transfected with either WT or C325A GFP-MBNL1-41. ( F ) (Above) 
Schematic depicting the location of primers used to measure Tcea2 intron 6 � by RT-PCR. Created in BioRender. Bassell Lab, G. (2026) 
https:// BioRender.com/ q33q0k6 . (Below) Representative agarose gel showing Tcea2 splicing products generated by RT-PCR on RNA from WT MEFs, 
DKO MEFs, and DKO MEFs expressing either WT or C325A GFP-MBNL1-41. ( G ) Quantitation of Tcea2 intron 6 � values from RT-PCR splicing gels in F. 
Data is reported as mean and standard error of three biological replicates. ∗∗P < 0.01, ∗∗∗P < 0.001 by one-way ANOVA with Tukey’s post-hoc test. ( H ) 
(Above) Schematic depicting the location of primers used to measure Tcea2 intron 6 � by RT-PCR from the minigene reporter containing exons 5 
through 10 of Tcea2 . Created in BioRender. Bassell Lab, G. (2026) https:// BioRender.com/ q33q0k6 . (Below) Representative agarose gel showing Tcea2 
splicing products generated by RT-PCR on RNA from DKO MEFs expressing either GFP, WT or C325A GFP-MBNL1-41. ( I ) Quantitation of Tcea2 intron 6 
� values from RT-PCR splicing gels in H. Data are reported as mean and standard deviation of five biological replicates. ∗∗P < 0.01, by one-way ANOVA 

with Tukey’s post-hoc test. 

https://BioRender.com/q33q0k6
https://BioRender.com/q33q0k6
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imerization does play a role in MBNL1-dependent regula-
ion of an ASE with potentially important downstream con-
equences. 

BNL1 dosage-dependent splicing events can also 

e affected by the ability of MBNL1 to dimerize 

iven that only 380 of 893 MBNL-dependent ASEs were fully
escued to WT MEF levels ( | ��|≤0.1) by reconstitution of
ither WT or C325A GFP-MBNL1-41 in DKO MEFs, we
anted to examine the effect on the remaining 513 ASEs that
id not reach the threshold of full rescue. For both fully res-
ued and subthreshold events, we plotted their average ��

rom WT MEFs when DKO MEFs were expressing either WT
FP-MBNL1-41, measured on the x-axis, or C325A GFP-
BNL1-41, measured on the y-axis (Fig. 4 A). The large num-

er of MBNL-dependent ASEs that were not fully rescued, as
videnced by their absence from colored zones representing
 ��|≤0.1 (Fig. 4 A), led us to wonder whether this was due to
ariability in expression of GFP-MBNL1-41 between or even
ithin replicates. Using EGFP Transcripts Per Million (TPM)
s a readout of GFP-MBNL1-41 expression, we verified that
xpression levels of WT and C325A GFP-MBNL1-41 were
imilar within each replicate (Fig. 4 B). However, the expres-
ion level between replicates was quite variable (Fig. 4 B). This
as unintended but could be due to several factors, includ-

ng the number of times the DKO MEFs had been passaged,
he density of the DKO MEFs, and the number of freeze-thaw
ycles the plasmids had gone through. Nevertheless, we ex-
loited this variability in expression, which enabled us to an-
lyze the RNAseq results on a more granular level and identify
SEs that are not only sensitive to MBNL1 dimerization, but
lso sensitive to MBNL1 concentration. 

Concentration-dependent behavior has been attributed to
ultiple, known MBNL1-dependent ASEs [ 47 ]. A closer

eview of the 513 sub-threshold ASEs revealed numerous
plicing events which were rescued by WT but not C325A
FP-MBNL1-41 only in the “low” expression replicate.
hese same ASEs showed no difference between WT and
325A GFP-MBNL1-41 in the “medium” and “high” ex-
ression replicates. For example, skipping of exon 12 in Ly-
ine Deficient Protein Kinase 1 ( Wnk1 ) is a previously es-
ablished MBNL-dependent ASE [ 17 ], which is among the
ub-threshold ASEs that skew towards partial rescue by

T GFP-MBNL1-41 in the dot plot of the average of all
hree RNAseq replicates (Fig. 4 A). After closer examina-
ion of Wnk1 exon 12 � values in the DKO MEF repli-
ates expressing “high”, “medium”, and “low” levels of

T and C325A GFP-MBNL1-41, it became apparent that
nk1 exon 12 skipping is both dosage- and dimerization-

ependent ( Supplementary Fig. 6 ). For the “low” level repli-
ates, Wnk1 exon 12 �� from WT MEF levels was 0.074
hen WT GFP-MBNL1-41 was expressed in DKO MEFs
ut 0.553 when C325A GFP-MBNL1-41 was expressed
 Supplementary Fig. 6 A,E). However, in the “medium” repli-
ates, Wnk1 exon 12 | ��| was 0.325 and 0.211 when WT
nd C325A GFP-MBNL1-41 were expressed, respectively
 Supplementary Fig. 6 B,E), and in the “high” replicates,

nk1 exon 12 | ��| was 0.153 and 0.102 for WT and
325A GFP-MBNL1-41, respectively ( Supplementary Fig.
 C,E). With primers designed to span Wnk1 exon 12, we per-
ormed RT-PCR on RNA isolated from DKO MEFs trans-
ected with varying amounts of WT or C325A GFP-MBNL1-
41 (Fig. 4 C). We were able to produce a similar MBNL1
dosage- and dimerization-dependent pattern for Wnk1 exon
12 � (Fig. 4 D). Analysing � for Wnk1 exon 12 at differ-
ent GFP-MBNL1-41 expression levels allowed us to deter-
mine that Wnk1 exon 12 skipping is an MBNL1 dimerization-
dependent ASE, but only when exposed to specific concentra-
tions of MBNL1. Other sub-threshold ASEs are likely sensi-
tive to MBNL1 dimerization, but this result is confounded at
higher expression levels, where MBNL that is unable to dimer-
ize is functionally interchangeable with MBNL that can dimer-
ize. 

Another well-established MBNL1-dependent splicing
event, skipping of exon 5 in the cardiac muscle Troponin
T ( TNNT2 ) gene [ 15 ], exhibits different dose-dependent
responses when MBNL1 contains or lacks exon 7 [ 28 ]. The
mouse ortholog of this human gene was not detected in WT
or DKO MEFs. To test if this difference is due to MBNL1
dimerization, we co-transfected DKO MEFs with the estab-
lished TNNT2 mini-gene RTB300 [ 36 ] and varying amounts
of WT or C325A GFP-MBNL1-41 (Fig. 4 E). We were able to
verify that GFP-MBNL1-41 C325A elicits a dose-dependent
response similar to that elicited by GFP-MBNL1-40, namely,
it promotes exclusion of TNNT2 exon 5 less efficiently
than GFP-MBNL1-41, especially at lower concentrations
(Fig. 4 F) [ 28 ]. Successful replication of an MBNL1 dosage
and exon 7-dependent ASE from a gene not expressed in
MEFs using GFP-MBNL1-41 C325A further bolstered our
conclusion that MBNL1 dimerization via disulfide bond plays
an important role in its regulation of alternative splicing. 

Analysis of MBNL1 dimer and RNA-interaction 

mutants suggests that multivalent interactions 

affect splicing activity 

Taken together, these data have established that: (1) dimeriza-
tion plays an important role in specific splicing events such
as Tcea2 and Tnnt2 and that: (2) there is a relationship be-
tween dimerization and dosage in facilitating splicing; how-
ever, how dimerization mediates this relationship remains un-
clear. To gain further mechanistic insight, we decided to in-
corporate additional MBNL1 mutants. A well-characterized
class of MBNL1 mutations include the RNA-interaction mu-
tants (RIM), which are deactivating zinc-finger pair mutations
[ 24 ]. MBNL has two pairs of ZnFs, and RIM mutants that in-
activate at least one ZnF within each pair show a dramatic
loss of splicing activity. However, RIM mutants that preserve
at least one pair of ZnFs, e.g. RIM3, 4 (fully functional ZnFs 1
and 2, and mutations only in ZnFs 3 and 4) retain some splic-
ing activity [ 24 ]. Presumably, RIM3,4 can form a dimer con-
taining two functional ZnF1,2 pairs; we incorporated RIM3,4
into our comparative experiments to assess the impact of
dimerization. Using the same TNNT2 mini-gene RTB300 re-
porter, we co-transfected DKO MEFs with RTB300 and vary-
ing amounts of WT, C325A, RIM3,4 and C325A-RIM3,4
GFP-MBNL1-41 (Fig. 4 G). Each combination of transfections
yields differing proportions of MBNL monomer and MBNL
dimer, each with 1 or 2 functional ZnF pairs (Fig. 4 H). By com-
paring WT MBNL1-41 alone to C325A-MBNL1-41 alone,
we saw that the dimer-competent MBNL is more efficient at
repressing exon 5 than the monomer (Fig. 4 G), recapitulating
the effect observed in Fig. 4 F. Notably, combinations with any
amount of WT-MBNL1-41 showed “high activity,” combi-
nations with C325A-MBNL1-41 showed “medium activity,”

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag538#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag538#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag538#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag538#supplementary-data
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Figure 4. Splicing controlled by MBNL1 dimerization is influenced by concentration and RNA-binding ability. ( A ) A dot plot comparing the average ��

from WT MEF levels for 893 aberrant splicing events in MBNL1/2 DKO MEFs reconstituted with either WT or C325A GFP-MBNL1-41. This includes 
events that are fully rescued ( | ��|≤0.1) by WT, C325A, or both GFP-MBNL1-41 species. All other events fall below the threshold of full rescue. Average 
�� values were calculated from the three biological replicates submitted for RNAseq. Retention of Tcea2 intron 6, which is rescued only by WT 
GFP-MBNL1-41 (see Fig. 3 ), is labeled. ( B ) Expression levels of WT and C325A GFP-MBNL1-41 for each replicate submitted for RNAseq, measured as 
TPM of EGFP. Each replicate is represented by a different symbol based on its GFP-MBNL1-41 expression level, labeled “High,” “Medium,” or “Low.”
( C ) (Above) Schematic depicting the location of Wnk1 exon 12 RT-PCR primers; constitutive exons are gray and alternative exons white. (Below) 
Representative splicing gel of DKO MEFs transfected with varying amounts of WT or C325A GFP-MBNL1-41. ( D ) MBNL1 WT/C325A dose-response 
curves for Wnk1 exon 12 splicing. Psi values are plotted against the amount of WT or C325A GFP-MBNL1-41 transfected, and a one-phase decay curve 
is fitted to the resulting data points. Means and standard errors were calculated from 3 biological replicates. Statistical significance between WT and 
C325A was calculated for each amount of GFP-MBNL1-41 using t wo-t ailed unpaired t tests, ∗p < 0.05. ( E ) (Above) Schematic depicting the location of 
RT-PCR primers for TNNT2 minigene (RTB300); the gene and species of each segment of the mini-gene are listed above. Created in BioRender. Bassell 
Lab, G. (2026) https:// BioRender.com/ q33q0k6 (Below) Representative RT-PCR splicing gels of DKO MEFs co-transfected with RTB300 and varying 
amounts of WT or C325A GFP-MBNL1-41. Representative western blots of the corresponding protein samples are shown underneath. ( F ) MBNL1 
WT/C325A dose-response curves for TNNT2 exon 4 splicing. Psi values are plotted against the amount of WT or C325A GFP-MBNL1-41 transfected, and 
a one-phase decay curve is fitted to the resulting data points. Means and standard errors were calculated from 3 biological replicates. Statistical 
significance between WT and C325A was calculated for each amount of GFP-MBNL1-41 using t wo-t ailed unpaired t tests, ∗P < 0.05. ( G ) Splicing of an 
RTB300 co-transfected with combinations of GFP-MBNL1-41 C325A and RNA-interaction (RIM) mutants in MBNL1/2 DKO MEFs. Psi values plotted 
against MBNL combination with amounts indicated below the X-axis (1x = 500 ng, 0.5x = 250 ng). Individual data points represent the average psi value 
from three biological replicates (2–3 technical replicates). Means and standard deviations are represented by bars. Statistical significance was 
determined by one-way ANOVA with Tukey’s post-hoc test. ∗∗∗P < 0.001, ∗∗∗∗P < 0.0001. ( H ) Diagram depicting possible combinations of MBNL1 
mutants (numbered 1–9) from ( G ) ordered by decreasing splicing efficiency, grouped into three groups by relative splicing activity (High, Medium and 
Low). WT MBNL1 depicted as both monomers and dimers, C325A MBNL1 depicted as monomers, and RIM mutants depicted with altered zinc fingers. 
Created in BioRender. Bassell Lab, G. (2026) https:// BioRender.com/ q33q0k6 . 

https://BioRender.com/q33q0k6
https://BioRender.com/q33q0k6
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nd combinations with RIM34 showed “low activity.” The
imited activity of RIM3,4 GFP-MBNL1-41 contrasts with
revious data in HeLa showing that RIM3,4 is modestly func-
ional [ 24 ], but our DKO MEF system contains no endoge-
ous MBNL. 

BNL1 forms higher-order species in DM1 patient 
broblasts 

espite the prominent role MBNL plays in DM1, no con-
ideration has been given to the potential impact of MBNL
imerization on DM1 pathology and vice versa. Aberrant in-
lusion of Mbnl1 exon 7 has been observed in muscle from a
ouse model of DM1 [ 35 ] and human DM1 patients [ 28 ], but

he outcome of this aberrant inclusion has not been pursued
urther at the level of protein. To study the impact DM1 has
n MBNL1 dimerization, we turned to fibroblasts from indi-
iduals with congenital DM1, which possess over 1700 CTG
epeats compared to five CTG repeats in control fibroblasts.
he DM1 fibroblasts, which possess both higher levels of nu-
lear MBNL1 when fractionated and MBNL1/2 positive CUG
oci when imaged ( Supplementary Fig. 7 A,B), also had higher
evels of MBNL1 exon 7 inclusion ( Supplementary Fig. 7 D).
UG foci and associated nuclear sequestration of MBNL1 or
BNL2 were absent in control fibroblasts ( Supplementary

ig. 7 A,C), which also lacked exaggerated MBNL1 exon 7 in-
lusion ( Supplementary Fig. 7 D). IP of MBNL1 from WT and
M1 fibroblast samples revealed a dimer band in both when

luted with Laemmli buffer lacking β-ME ( Supplementary
ig. 7 E). However, an additional band at a molecular weight
reater than that of the dimer was present only in DM1 sam-
les eluted without β-ME ( Supplementary Fig. 7 E). While
uman MBNL1 possesses only one cysteine residue capa-
le of forming a disulfide bond, this finding implies MBNL1
ight form a heterodimer with MBNL2 or another cysteine-

ontaining protein in DM1. MBNL1 and MBNL2 are both
equestered to CUG foci, and MBNL2 isoforms contain mul-
iple cysteines that could form disulfide bonds with more than
ne other MBNL molecule. While this result reveals a poten-
ial impact of DM1 on MBNL1/2 multimerization, we also
ought to investigate the inverse: the impact of MBNL1 dimer-
zation on DM1. 

BNL1 dimerization affects the number and size of 
UG repeat foci 

e continued using DKO MEFs to decipher potential con-
ributions of MBNL1 dimerization to DM1 pathogenesis; its
ack of endogenous MBNL and our ability to overexpress spe-
ific MBNL1 species make it an ideal system. However, first,
e wanted to confirm that the C325A mutation does not af-

ect nuclear sequestration of MBNL1 to expanded CUG foci.
euro2a cells were co-transfected with WT or C325A GFP-
BNL1-41 and a plasmid containing a fragment of human
MPK with 0 (DMPKS) or 480CTG repeats, the latter of
hich is meant to recapitulate DM1 pathogenesis. When co-

ransfected with 480CTG repeats, GFP-MBNL1-41 C325A
ignal was significantly increased in the nuclear fraction, sim-
lar to when WT GFP-MBNL1-41 was expressed (Fig. 5 A, B).
espite its increase in the nucleus due to sequestration, GFP-
BNL1-41 C325A still did not produce a dimer band in the

bsence of β-ME (data not shown), prompting us to investi-
ate the appearance of the RNA foci in the presence of GFP-

BNL1-41 C325A. 
We ensured that the DKO MEFs could be co-transfected
with GFP-MBNL1-41 and either the DMPKS or 480CTG re-
peat plasmids. The co-transfection was successful as evidenced
by distinct nuclear foci positive for human DMPK RNA
when FISH was conducted on DKO MEFs co-transfected with
480CTG repeats and either WT or C325A GFP-MBNL1-
41 (Fig. 5 C). In contrast, when the DMPKS plasmid was
co-transfected with either WT or C325A GFP-MBNL1-41,
DMPK RNA FISH signal was dispersed in both the nu-
clear and cytoplasmic compartments (Fig. 5 C). Both WT and
C325A GFP-MBNL1-41 colocalized entirely with the nuclear
DMPK FISH signal in the DKO MEFs expressing 480CTG
repeats, but were mostly present in the cytoplasm as small
granules in DKO MEFs expressing DMPKS (Fig. 5 C). While
both WT and C325A GFP-MBNL1-41 were able to form foci
when co-transfected with 480CTG repeats, the foci appeared
smaller and more numerous when C325A GFP-MBNL1-41
was expressed versus when WT GFP-MBNL1-41 was ex-
pressed (Fig. 5 C). After quantifying the number and 3D vol-
ume of the foci, we found a significant difference in both the
number of foci (median foci number for WT versus C325A:
7 versus 10) and average foci volume (median average foci
volume for WT versus C325A: 1.353 μm3 /foci versus 0.8428
μm3 /foci) per cell, depending on the version of GFP-MBNL1-
41 co-transfected with 480CTG repeats (Fig. 5 D). The total
volume of foci per cell, on the other hand, was not significantly
different between C325A and WT GFP-MBNL1-41 (Fig. 5 D).
This result suggests that MBNL1 dimerization impacts the in-
tegrity of the toxic foci present in DM1. 

Discussion 

Previous evidence suggests that MBNL1 can self-associate
through its exon 7 [ 26 , 27 ], but the nature of this interac-
tion and its implications for RNA biology have remained
unexplored. In this study, we identified a cysteine residue
in exon 7 of MBNL1 (Fig. 1 A), which, when mutated to
alanine (Fig. 1 B), eliminates a dimer band that normally
forms when GFP-MBNL1-41 is IPed and eluted with sam-
ple buffer lacking β-ME (Fig. 1 C). Interestingly, immuno-
precipitation was unnecessary to observe a dimer band in
the nuclear fraction of Neuro2a expressing GFP-MBNL1-
43 (Fig. 1 D), suggesting a potential nuclear function for the
MBNL1 dimer. We also observed a high molecular weight
band when endogenous MBNL2 was IPed and eluted without
β-ME ( Supplementary Fig. 3 ); this is the first evidence sup-
porting the existence of MBNL2 dimers. The C-termini of all
three isoforms of human MBNL2 contain varying numbers
of cysteine residues (Fig. 2 A, B), allowing each to dimerize
when IPed as GFP-MBNL2 and eluted under non-reducing
conditions (Fig. 2 D). Mutational analysis of cysteines unique
to MBNL2 revealed that not all are necessary for its dimeriza-
tion (Fig. 2 E). Given the greater proportion of MBNL1 present
as a dimer in the nucleus, we pursued a potential function
for MBNL1 dimerization in the nucleus, namely in modulat-
ing MBNL1-dependent regulation of alternative splicing. By
transfecting Mbnl1−/ −; Mbnl2−/ − (DKO) MEFs with WT or
C325A versions GFP-MBNL1-41 and performing RNAseq,
we were able to identify novel ASEs affected by MBNL1
dimerization (Fig. 3 ). Following careful analysis, we identified
two classes of MBNL1-dimerization-dependent ASEs: those
that were sensitive to MBNL1 dimerization at all concentra-

tions of MBNL1 and those that were sensitive to MBNL1 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag538#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag538#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag538#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag538#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag538#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag538#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag538#supplementary-data
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Figure 5. MBNL1 dimerization is necessary for the maintenance of DM1 foci integrity. ( A ) Representative western blot following nucleocytoplasmic 
fractionation of Neuro2a cells co-transfected with WT or C325A GFP-MBNL1-41 and DMPKS or 480CTG repeats. GAPDH shows enrichment in the 
cytoplasmic fraction and acetylated Histone H3 in the nuclear fraction. All samples were prepared with Laemmli buffer containing β-ME. ( B ) 
Quantitation of nucleocytoplasmic ratio of GFP signal normalized to GAPDH (cytoplasmic) and acHH3 (nuclear) for Neuro2a co-transfected with WT or 
C325A GFP-MBNL1-41 and DMPKS or 480CTG repeats. Mean and standard error are reported from three biological replicates. ∗∗P < 0.01 by one-way 
ANOVA with Tukey’s post-hoc test. ( C ) Representative FISH images for DMPK RNA in DKO MEFs co-transfected with WT or C325A GFP-MBNL1-41 and 
DMPKS or 480CTG plasmids. Scale bars = 3 μm. ( D ) Quantitation of the number of foci, average foci volume, and total foci volume in DKO MEFs 
co-transfected with 480CTG repeats and either WT or C325A GFP-MBNL1-41; n = 30 cells across three biological replicates. Bars represent median, 
box outlines represent upper and lower quartiles, whiskers represent 10th and 90th percentiles. A t wo-t ailed unpaired t-test was conducted on the 
number of foci and total foci volume. Non-parametric Kolmogorov–Smirnov test was conducted on the average foci volume due to the non-normal 
distribution of GFP-MBNL1-41 C325A samples. ∗P < 0.05, ∗∗P < 0.01. 
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imerization only at low concentrations of MBNL1 (Fig. 4 ).
fter establishing a physiological role for MBNL1 dimeriza-

ion, we explored a potential pathological role of MBNL1
imerization. Despite the prominent role MBNL1 plays in
M1, MBNL1 dimerization has never been studied in the

ontext of DM1. We imaged DKO MEFs co-transfected with
T or C325A GFP-MBNL1-41 and a fragment of DMPK

ontaining 480 CTG repeats. We found that the CUG foci
ere smaller and more numerous when C325A GFP-MBNL1-
1 was co-expressed versus when WT GFP-MBNL1-41 was
o-expressed (Fig. 5 C, D). This result suggests that MBNL1
imerization via disulfide bonds plays a role in maintaining
he integrity of CUG foci in DM1, likely by facilitating multi-
alent interactions. Overall, the findings in this study have re-
ealed both a physiological and pathological role for MBNL1
imerization dependent on disulfide bonds. 
MBNL is by no means the only RBP that interacts with

tself. In fact, during splicing regulation, most RBPs inter-
ct with each other, though not through disulfide bonds, but
hrough non-covalent forces involving their IDRs [ 5 ]. MBNL
tself possesses an IDR in its C-terminal domain, which could
heoretically allow it to dimerize through non-covalent in-
eractions. However, in this study, we have uncovered func-
ions unique to MBNL dimers that arise specifically through
he formation of disulfide bonds. If and how MBNL might
imerize through non-covalent forces between its unstruc-
ured C-terminal domain, and whether this is mutually exclu-
ive from dimerization via disulfide bond formation, fall out-
ide the scope of the current study. MBNL is also not the only
BP that contains cysteine residues. An analysis of the amino
cid composition of 1 555 RBPs showed that about 94% con-
ain at least one cysteine residue [ 48 ] Supplementary Fig. 8 A).
urthermore, among these 1 467 cysteine-containing RBPs,
rotein structure predictions revealed approximately 42%
ossess at least one cysteine located in a disordered region
 Supplementary Fig. 8 A). This is noteworthy because cysteine
esidues located in disordered regions are less likely to form
isulfide bonds than cysteines located in highly ordered re-
ions. One classic example of an RBP that dimerizes by form-
ng a disulfide bond is Polypyrimidine Tract-Binding (PTB)
rotein [ 14 ]. However, rather than splicing regulation, PTB
e-dimerization was shown to enhance translation, specifi-
ally of TP53 [ 14 ], a known RNA target of PTB [ 49 ]. Based
n evidence from this study, MBNL would represent one of
he first RBPs whose self-interaction via a covalent, disulfide
ond impacts its regulation of alternative splicing. However,
he sheer number of RBPs that contain cysteine residues capa-
le of forming disulfide bonds suggests there are likely other
BPs that form disulfide bonds as part of larger complexes

hat also regulate alternative splicing. There are examples of
ntermolecular disulfide bonds that regulate DNA binding and
ranscriptional activity, so it would not be surprising if RNA-
inding proteins in the nucleus are under similar control.
TAT3 intermolecular disulfide-bonded dimers are regulated
uring oxidative stress to control transcriptional responses
 50 , 51 ]. NF-kB redox-sensitive cysteines regulate DNA bind-
ng and transcriptional activity [ 52 , 53 ]. While our study
ocused entirely upon homodimerization, heterodimerization
ccurs for the transcription factor NF-kB [ 52 ]. As specific
amily members of NF-kB heterodimerize, this led us to hy-
othesize that RBPs like the MBNL family could do the same.
e co-transfected mScarlet-I-MBNL1-41 and GFP-MBNL2-

1 into Neuro2a cells and performed immunoprecipitations as
done previously. In doing so, we observed that both MBNL1
and MBNL2 could co-migrate and form a dimer, which was
abolished using the C324A mutation in GFP-MBNL2-I1, in-
dicating that a covalent bond between the two different RBPs
was occurring ( Supplementary Fig. 8 B). This represents a new
example of a covalent interaction between two distinct RBPs
encoded by different genes. While only one example, our data
hints that heterodimerization may enable RBPs to gain com-
binatorial properties by generating distinct dimers. Further
work will need to be done to determine the extent of het-
erodimerization, but it suggests that RBPs may use cysteines
to form higher-order structures that impact the function of
ribonucleoprotein particles. 

Not only do disulfide bonds serve as a means of connect-
ing two cysteine-containing proteins, but they also play an
important role in the folding and stability of proteins. Intra
molecular disulfide bonds can hold distinct portions of a pro-
tein together, maintaining the protein in a folded topology.
This is especially relevant for unstructured regions of proteins,
such as IDRs, where disulfide bonds can increase the order of
the region. However, disulfide bonds are also reversible, form-
ing under oxidizing conditions and dissociating under reduc-
ing conditions [ 54 ]. Because of this, disulfide bond-forming
cysteines can promote both disorder-to-order and order-to-
disorder transitions in IDRs depending on the redox condi-
tions of the local environment [ 55 ]. Changes in redox condi-
tions can occur naturally or be caused by environmental stres-
sors, such as reactive oxygen species. Redox-based conditional
disorder of cysteine-containing IDRs can have important im-
plications for the function of the larger protein [ 56 , 57 ]. A
recent example demonstrating the importance of oxidation in
the properties of RBPs is TDP43, where oxidation of cysteines
impacts TDP-43 aggregation in stress granules by preventing
de-mixing, eventually leading to a “solid” state pathological
aggregate [ 58 ]. A potential parallel could be occurring in DM1
as CUG foci sequester and concentrate MBNL proteins. Our
data hints at this as the cysteine mutant results in smaller
but more CUG foci (Fig. 5 ). MBNL2 contains multiple cys-
teine residues in its unstructured C-terminal domain, which
can form intermolecular disulfide bonds with other MBNL2
proteins, as demonstrated by this study. However, this does
not rule out the possibility that intramolecular disulfide bonds
can also form between these cysteine residues. When pre-
dictions of structural disorder are performed on MBNL2-I4
using the IUPred2A algorithm with Redox State parameters
[ 59 ], its unstructured C-terminal domain does show signif-
icantly decreased disorder in oxidizing conditions (data not
shown). This redox sensitivity is absent in MBNL1 and the
other MBNL2 isoforms (data not shown), likely due to the
smaller number of cysteine residues in their C-terminal do-
mains. Further investigation is needed to determine the effect
redox-dependent changes in the disorderedness of MBNL2’s
C-terminal domain might have on its functions, for example,
in stress and redox signaling. 

In this study, we identified a novel MBNL1-dependent splic-
ing event, retention of Tcea2 intron 6, which is also sensi-
tive to MBNL1 dimerization (Fig. 3 D–I). The TCEA2 protein
plays two distinct, but equally important roles in the process
of transcription, making any changes in its splicing pattern
very consequential. During the early events of transcription,
TCEA2 recruits the Mediator complex and RNA Polymerase
II (RNA Pol II) to form the Preinitiation Complex at pro-
moter sequences of protein-coding genes [ 44 , 45 , 60 ]. Sepa-

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag538#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag538#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag538#supplementary-data
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rately, TCEA2 also recognizes backtracked RNA Pol II during
the elongation stage of transcription [ 61 ], stimulating tran-
script cleavage by RNA Pol II and resumption of transcription
[ 62 , 63 , 64 ]. When transcript cleavage is absent, the ability
of backtracked RNA Pol II to resume transcription is greatly
disturbed. This poses a problem for maintenance of genome
stability because DNA-RNA hybrids called R-loops can form
[ 46 , 61 , 65 ]. There is a premature termination codon (PTC)
present within Tcea2 intron 6, which would normally lead to
nonsense-mediated decay (NMD) when the intron is retained
[ 43 ]. However, an RT-PCR band corresponding to intron 6
inclusion and Sanger sequencing both confirmed that Tcea2
transcripts containing intron 6 do exist in a non-negligible
amount (Fig. 3 F & Supplementary Fig. 5 B). Exceptions to
NMD do exist, which are dictated by the location of the PTC
and the length of the exon or intron in which the PTC is lo-
cated [ 66 ]. However, the PTC in Tcea2 intron 6 does not fall
under either of these exceptions ( Supplementary Fig. 5 D). RBP
binding motifs can also influence NMD efficiency [ 66 ]; there
are a couple MBNL1 motifs located in exon 7 downstream of
intron 6, but it is unlikely that this is sufficient to affect NMD
( Supplementary Fig. 5 C). While it is unknown how this intron
retention event escapes NMD, two pieces of evidence suggest
that it has a physiological role. The first piece of evidence is
that the intron is highly conserved in mammals belonging to
the rarest splice site, AT-AC [ 67 ], and it is even conserved all
the way to Xenopus tropicalis (in orthologous gene Tcea3).
While intron length and subsequent de novo c-terminus pep-
tide are only partially conserved, the resulting in-frame se-
quence leads to a premature stop that would completely re-
move the sole zinc finger domain. We hypothesize that this ab-
rogates Tcea2 function, as mutagenesis studies studying Tcea2
revealed that the c-terminus is necessary for its function [ 44 ].
The presence of this truncated proteoform could potentially
act as a dominant negative mutant of the full-length transcrip-
tional regulator ( Supplementary Fig. 5 D). Supporting a func-
tional role for this intron-containing transcript is the fact that
ENCODE4 long-read sequencing study detected Tcea2 intron
6 containing transcripts in both humans and mice, especially
in the brain, where intron-containing transcripts are highly
expressed in comparison to other tissues [ 68 ]. Our findings
suggest that Tcea2 intron 6 transcripts may have unknown
effects on transcription and genome stability. It will be inter-
esting to identify if Tcea2 intron 6 retention is physiologically
regulated by MBNL dimerization. 

In addition to Tcea2 intron 6 retention, we found that
skipping of exon 12 in Wnk1 , a known MBNL1-dependent
ASE [ 17 ], was also sensitive to MBNL1 dimerization but only
at lower levels of MBNL1 expression (Fig. 4 C–E). Although
dimerization might be considered a concentration-dependent
event, in some contexts, other factors could play a role in
dimer formation at early developmental stages, when MBNL
expression is low. Mechanistically, how dimerization impacts
splicing efficiency remains unclear; however, our data suggest
that higher valency is associated with increased splicing effi-
ciency (Fig. 4 G, H). Dimerization could increase valency to
enhance the potency of MBNL when it is in low abundance,
but more extensive investigation would be needed to confirm
this. 

There are several unanswered questions that arose from
the above research, which fell outside the scope of this pa-
per, but warrant continued investigation. One such question
relates to the role that the multiple cysteine residues unique to
MBNL2 play in its dimerization. Our data indicate that loss 
of any of the three C -terminal cysteines unique to MBNL2 

greatly diminishes its ability to dimerize (Fig. 2 F). It is not clear 
why the loss of a single cysteine residue nullifies the disulfide 
bond-forming ability of the other two. Another interesting,
albeit perplexing, finding from our RNAseq data was the ex- 
istence of a sizable number of ASEs rescued exclusively by 
re-expression of GFP-MBNL1-41 C325A in DKO MEFs (Fig.
3 D). Our original hypothesis was that dimerization would fa- 
cilitate most splicing events. It is rather likely that dimerization 

facilitates splicing in a dosage and context-dependent manner.
Given the number of potential RBPs that could form disulfide 
bonds with MBNL1 ( Supplementary Fig. 8 ), it will be impor- 
tant to know whether disulfide bonds with other RBPs exist,
and future studies to understand the mechanism and regula- 
tion of disulfide bond formation and cleavage will provide im- 
portant insights into RBP and RNA biology. 
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