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Abstract

Myotonic Dystrophy Type 1 (DM1) is caused by elongation of a CTG repeat in the
dystrophia myotonica protein kinase (DMPK) gene. mRNA transcripts containing the
resulting CUGe*P repeats form accumulations, or foci, in the nucleus of the cell. The
pathogenesis of Myotonic dystrophy type 1 (DM1) is proposed to result from
inappropriate patterns of alternative splicing caused by sequestration of the
developmentally regulated alternative splicing factor muscleblind-like 1 (MBNL1), by
these foci. Since eye lens cataract is a common feature of DM1 we have examined the
distribution and dynamics of MBNL1 in lens epithelial cell lines derived from DM1
patients. The results demonstrate that only a small proportion of nuclear MBNL1
accumulates in CUGe*P pre-mRNA foci. MBNL1 is, however, highly mobile and changes
sub-cellular localization in response to altered transcription and splicing activity.
Moreover, immunolocalization studies in lens sections suggest that a change in MBNL1
distribution is important during lens growth and differentiation. While these data
suggest that loss of MBNL1 function due to accumulation in foci is an unlikely
explanation for DM1 symptoms in the lens, they do demonstrate a strong relationship
between sub-cellular MBNL1 localisation and pathways of cellular differentiation,
providing an insight into the sensitivity of the lens to changes in MBNL1 distribution.

Short title: MBNL1 dynamics in lens epithelial cells from myotonic dystrophy patients

Summary Statement: In eye lens cells from DM1 patients MBNL1 sequestration to RNA
foci appears not to be a major pathological event. MBNL1 does, however, show clear
changes in sub-cellular distribution related to transcriptional activity and cellular
differentiation.

Keywords: Differentiation; DM1; Lens epithelium; MBNL1; Nuclear dynamics; Splicing
Speckles



Introduction

Myotonic dystrophy type 1 (DM1) is a genetic condition resulting in multiple symptoms
including skeletal muscle wasting, cardiac conduction defects, myotonia, cataracts and
endocrine system malfunction. The fundamental molecular defect underpinning the
pathogenesis of DM1 is the elongation of a CTG repeat in the 3’'UTR of the dystrophia
myotonica protein kinase (DMPK) gene on chromosome 19.3.3q [1]. DMPK RNA
containing the consequent CUG expansion has been demonstrated to form abnormal
foci within the cell nucleus in muscle cells from DM1 patients [2, 3]. The link between
these CUGexp RNA foci and the multiple symptoms of DM1 is not fully understood.
Muscleblind-like (MBNL) proteins are a family of alternative splicing regulators that
show tissue-specific expression and regulation. The alternative pre-mRNA splicing
factor muscle blind-like 1 (MBNL1), which is known to regulate alternative splicing
events in many pre-mRNAs such as Cardiac tropinin T (cTNNT) and Insulin receptor
(IR) [4, 5], is found in the CUGexp foci [6] in DM1 muscle cells. This has lead to the
hypothesis that sequestration of MBNL1 by the elongated CUG containing pre-mRNA
and consequent mis-regulation of MBNL1-dependant splicing is a key factor in DM1
pathogenesis. MBNL1 also has a number of different functions in mRNA metabolism in
addition to its role in alternative splicing. The accumulation of MBNL1 within
cytoplasmic stress granules suggests a role in chaperoning mature, spliced mRNA[7],
with a recent report revealing extensive binding of MBNL proteins to the 3'
untranslated regions (UTRs) of mRNAs and demonstrating widespread roles for MBNL
proteins in regulating mRNA localization in both Drosophila and mice[8]. A regulatory
role for MBNL1 during cell differentiation and development has also been suggested.
During early mouse development, MBNL1 is predominantly cytoplasmic in skeletal
muscle at P2 and predominantly nuclear in the same tissue at P20 [9]. Changes in
cellular distribution of MBNL1 between the nucleus and cytoplasm have been observed
in cultured mouse myoblasts, although these changes were shown not to be correlated
to differentiation[10]. The control of alternative splicing patterns by MBNL1 has now
been implicated in the negative regulation of pluripotency in mouse embryonic stem
cells, giving it a central role in the determination of cell fate during early stages of
differentiation[11].

Pre-senile cataracts are almost always the first and sometimes the only sign of DM1 [12]
although the specific pathogenic pathway that results in cataract development has yet
to be determined. The related condition, Myotonic dystophy type 2 (DM2) is caused by a
CCTG repeat in intron 1 of Zinc Finger Protein 9 (ZNF9) gene on chromosome 3q21[13].
The similarity in the cataracts symptomatic of DM1 and DM2 patients suggests a
common pathogenic pathway. In muscle cells from both DM1 and DM2 patients, MBNL1
is sequestered into nuclear RNA foci formed by CUG and CCTG repeats sequences
respectively[6, 14]. This strongly suggests that the sequestration of functional MBNL1
by the CUGe*P-containing pre-mRNA contributes to cataract development as well as
other symptoms of DM1. The eye lens consists of two cell types: an anterior simple
epithelium that covers the anterior portion of the lens below the capsule and elongated
fibre cells which make up the bulk of the lens and are derived from the differentiation of
epithelial cells forming a stem cell pool at the lens equator[15]. Because the lens retains
all the cells it produces during development and into adulthood a thin transverse
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section of the lens contains cells at all stages of differentiation. Changes in organization
of the cell nucleus can be correlated with the transcriptional activity of cells at different
stages of differentiation. Notably up-regulation of transcription is seen during post-
mitotic differentiation steps in the equatorial epithelium and differentiation from
epithelium to fibre cells at the lens equator while transcriptional shutdown is observed
prior to nuclear elimination in the outer cortical fibre cells[16, 17]. Several nuclear
proteins change their distribution in response to these changes in transcriptional
activity. For instance upon transcriptional up-regulation the nucleolus, as followed with
the snoRNP (small nucleolar ribonucleoprotein) protein fibrillarin, changes from a
closed structure to an open floret-like structure. In the same cells the distribution of the
Cajal body marker, coilin, changes from single large structures to multiple small
structures with increased diffuse nucleoplasmic staining[18]. The availability of human
lens epithelial (HLE) cell lines and intact mammalian lenses, in which progressive stages
of differentiation of lens epithelial cells can be mapped, makes the lens an ideal
biological system to investigate the molecular pathology associated with DM1 with
particular relevance for the formation of the characteristic cataracts seen in DM1
patients.

In this study, we have used a unique set of human lens epithelial (HLE) cell lines,
derived from DM1 patients and age-matched controls to investigate the localization and
dynamics of MBNL1 in different regions of the cell. Together with parallel studies of lens
sections, our data demonstrate that the sub-cellular distribution of MBNL1 is highly
dynamic, changing during HLE cell differentiation and according to the transcriptional
activity of the cell. Regardless of the overall cellular distribution of MBNL1, the
proportion of the protein recruited by the CUGe*P RNA foci is extremely small making it
unlikely that a loss of functional MBNL1 due to its sequestration within the foci is a
major cause of the cellular pathology of DM1 within the lens. We propose that the
characteristic cataracts seen in DM1, and perhaps other symptoms, may result from
defects in programmes of cellular differentiation, caused by subtle disturbances in the
balance between the functions of MBNL1 in pre-mRNA splicing and mRNA chaperoning
and localization. Furthermore, we demonstrate a reduction in the accumulation of
MBNL1 into CUGe*r RNA foci following the inhibition of pre-mRNA splicing. This is
associated with an apparent reduction in size of the foci themselves, suggesting a
potential avenue for investigation into therapies for DM1 involving dismantling the foci.



Experimental

Cell lines and Cell Culture

DM1 and age matched control human lens epithelial cell lines were derived by SV40
transformations of human lens epithelial specimens, obtained from DM1 patients
following capsulorhexis and non-cataractous donor lenses post mortem as published
previously[19]. Lines DMCat1 to DMCat4 are derived from DM1 patients, CCat1 and
CCat2 are control lines. All cells were maintained in Dulbecco’s Modified Eagle Medium
(DMEM) supplemented with 10% Foetal Bovine serum (FBS) and 100 units Penicillin +
0.1mg/ml Streptomycin (Life Technologies) at 37°C in 5% CO2. When appropriate,
20ug/ml 5,6-dichloro-1-B-d-ribofuranosylbenzimidazole (DRB) (Sigma) or 25ng/ml
Spliceostatin A (SSA) (a gift from M. Yoshida, RIKEN, Japan) was added the growth
medium of the cells for the times indicated. Transfection with DNA plasmids was
carried out using X-treme GENE HP DNA (Roche) reagent according to manufactures
instructions. To assay for transcriptional activity, HLE cells were cultured till 60%
confluent on 18mm square coverslips. The cells were incubated for 2 hours with 1mM
S5-ethynyl uridine (EU, Life Technologies), fixed using 3.7%PFA, the incorporation of EU
into RNA assayed using a Click-iT RNA alexa-fluor 594 imaging kit (Life Technologies)
and the cells simultaneously immunostained using anti-MBNL1.

Plasmid Constructs

pmCherry-ASF and pmCherrySC-35 [20] were a gift from A. Lamond, (University of
Dundee, UK). pEGFP-MBNL1-N1 [14] was a gift from T.Cooper (Baylor College of
Medicine Houston, TX). pPAGFP-MBNL1 was generated by replacing EGFP in vector
pEGFP-MBNL1-N1 with PAGFP [21] (a gift from ]. Lippincott-Schwartz, NIH, Bethesda,
MA) using Agel and BsrGI restriction enzymes (New England Biolabs).

Cell Fixation, Inmunostaining and Image Analysis

Cells were cultured on 18mm square coverslips and fixed for 10 minutes at room
temperature with 3.7% paraformaldehyde in PHEM buffer [60 mM Pipes, 25 mM Hepes,
10 mM EGTA, 2 mM MgCl; (pH 6.9)]. Immunostaining was carried out as described
previously[22]. Coverslips were mounted using ProLong® Gold antifade reagent (Life
Technologies). Antibodies used were MBla (mouse monoclonal anti-MBNL1), dilution
1:25, a gift from G. Morris, RJAH Orthopaedic Hospital, Oswestry, UK[10]; 856 (rabbit
polyclonal ant-U1A), dilution 1:500, a gift from I. Mattaj, EMBL, Heidelberg[23]; FITC
and TRITC goat anti-mouse and TRITC and Cy5 goat anti-rabbit, dilution 1:500 (Jackson
Research Laboratories) . Cells were imaged using a 100x, 0.35na objective on an
Olympus DeltaVision RT microscope (Applied Precision) with 2x2 binning and 0.2um
intervals for Z-stack series. Exposure times using DAPI, FITC, TRITC and Cy?5 filter sets
were chosen to aim for maximum intensities of 3600 in each z-series. Deconvolution
was carried out using Volocity 4 image analysis software (Perkin Elmer) with calculated
point-spread functions. To quantify proportion of nucleoplasmic MBNL1 within foci,
MBNL1 intensity threshold was used to create 3D regions of interest encompassing only
foci (Volocity), this was confirmed by visual inspection. Total nucleoplasmic MBNL1
was quantified as the sum of MBNL1 intensity within the boundaries of the nucleus as
defined by DAPI staining. Background intensity was subtracted from both regions and
the sum MBNL1 intensity in foci was expressed as a percentage of sum total of
nucleoplasmic MBNL1. To quantify the ratio of MBNL1 with in the cytoplasm, Phalloidin
568 (Molecular Probes) staining was used to identify the total cell volume. To quantify



transcriptional activity, the volume of the nucleus was defined using DAPI signal. To
assess MBNL1 accumulation in speckles, Pearsons colocalisation coefficient was used to
measure the linear correlation between pixel colocalisation from the two wavelengths,
as described by the equation below. If the correlation coefficient has the value r=1 the
two images are absolutely identical.

E(xi“xm)(yi‘ym)
r= :
Jz (xi - xm)2 JE(yl _ym)2

Pearsons correlation coefficient equation; Where x; is the intensity of the ith pixel in
image 1, yi is the intensity of the ith pixel in image 2, xm is the mean intensity of image
1, and ym is the mean intensity of image 2

Lens Transverse Section Analyses

Pig eyes were collected fresh from the abattoir and the lenses were removed by
entering the eye from the posterior aspect. The lenses were frozen in iso-pentane
cooled to liquid nitrogen temperature and stored at -80°C until required. Frozen 20um
thick transverse cryo-sections (Leica CM3050S) were taken across the centre of the lens
to include cells at all stages of differentiation. The sections were fixed in 3.7% PFA in
PBS and permeabilized with 0.5% Triton X100 in PBS. Following blocking with 1%
normal goat serum the sections were incubated with primary antibodies, washed then
incubated with secondary antibodies to which DAPI had been added. Stained sections
were mounted in ProLong Gold (Life Technologies) and imaged on a DeltaVision
Spectris deconvolution microscope (Applied Precision). Images were analysed using
Volocity 4 (Perkin Elmer).

Fluorescence in-situ hybridisation FISH

Cells fixed with 3.7% PFA in PHEM buffer were permeabilized with 1% v/v Triton X-
100/PBS for 10mins at room temperature. PBS was treated with 0.1% v/v
Diethylpyrocarbonate (DEPC). Cells were blocked using 1% Goat serum/ PBS for
15mins before addition of primary antibodies diluted in 1% Goat serum/PBS.
Coverslips containing the cells were placed into a humidified chamber and incubated
for 1 hour at 37°C. Following three x 10 minute washes with PBS, cells were incubated
with secondary antibodies was diluted in 1% Goat serum/ PBS for 1Thour at 37°C. Cells
were refixed with 3.7% PFA for 1min and incubated in 50% Formamide /2X SSC for
10mins at room temperature before addition of 200ng/ml Cy3-labelled GAC1o DNA
probe (5’-/5Cy3/(CAG)10) (IDT) diluted in pre warmed hybridization buffer (40% (v/v)
Formamide + 20% (w/v) BSA + 50% (w/v) Dextran sulphate +2mM Vanadyl adenosine
complexes + 1mg/ml tRNA bakers yeast + 1mg/ml salmon sperm DNA (all Sigma)).
Following incubation for 3hours at 37°C, the cells were washed in 2X SSC for 2*10mins
then 0.2X SSC for 10mins before a final wash in PBS for 5Smins. Cells were
counterstained with DAPI and the mounted using ProLong® Gold antifade reagent (Life
Technologies).

Live Cell Imaging

For live cell experiments, cells were cultured on 40mm glass coverslips (Intracel). The
coverslips were transferred to an open chamber (Zeiss) within an environmental
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incubator (Solent Scientific, Segensworth, UK) on an Olympus DeltaVision RT
microscope (Applied Precision) with a quantifiable laser module including a 488 nm
and 405 nm lasers, and maintained at 37°C with 5% CO2. Transfected cell expressing
GFP tagged proteins were identified using FITC filters, mCherry tagged proteins were
identified using TRITC filters. Z-stacks of images separated by 500nm were collected at
approximately 3-minute intervals using a 100X 1.35na objective. Exposure times were
optimized to give a maximum intensity value of ~500 in each z-series. For
measurements of distance between foci and speckles, foci (GFP-MBNL1) and speckles
(mCherrySC-35) were identified by % intensity and object size using Volocity 4 (Perkin
Elmer).

FRAP and PA-GFP analyses

A 488nm laser was used to Photobleach GFP-MBNL1 with a 0.5sec pulse at 100%
power, in specific areas of the cells. The photobleaching was optimised to achieve ~60%
reduction in fluorescence. A single Z-section of each cell was imaged 3 times prior to
bleaching, using a 100X 1.35na objective and FITC filters. Post bleaching imaging used
adaptive intervals for 48 time-points. Images were normalized against pre-bleach
florescence intensity. FRAP recovery curves were generated from background-
subtracted images. One-phase exponential association curves were fitted the mean of
data sets for each cell line (GraphPad Prism). Equation used: Y=Ymax x (1-exp(-K x X)).

Cells transfected with PAGFP-MBNL1 were identified using a DeltaVision RT
microscope with a PAGFP eyepiece filter (405/40nm). PAGFP-MBNL in the region of
interest was activated using a 405nm laser with a 0.5sec pulse at 100% power. Three
pre-activation images and 55 adaptive time interval images were acquired using a 100X
1.35na objective and FITC filters.

Statistical analysis
All statistical analyses were performed using Prism 4 software (GraphPad).



Results

1) Lens epithlial cells from DM1 patients contain CUG RNA foci that accumulate
MBNL1

The presence of CUGe*P RNA foci within the nuclei of cells is recognized as a key
hallmark of cells in DM1 patients, with colocalization of MBNL1 and CUGe*» mRNA
thought to be fundamental to the molecular pathogenesis of DM1. To asses the potential
of lens epithelial cell lines derived from DM1 patients as a model to study the
localization and dynamics of the alternative splicing factor, MBNL1, we sought to
identify the CUG RNA foci and to asses the co-localization of both endogenous and GFP-
tagged MBNL1 (a gift from Prof. T. Cooper, [4] with them (figure 1). After first
confirming that DMPK1 mRNA is present in lens epithelial cells using reverse
transcriptase PCR, we carried out florescence in situ hybridization (FISH) using a Cy3
labeled GAC10 DNA probe combined with Immunocytochemistry using an antibody to
endogenous MBNL1 (a gift from Prof. G. Morris). This demonstrated that CUGe*» mRNA
forms clear foci that recruit endogenous MBNL1 within the nuclei of DM1 HLE cells
(figure 1A, arrows). Control HLE cells (figure 1C) do not demonstrate RNA foci, or
punctate accumulations of endogenous MBNL1. Parallel experiments carried out in cells
transiently transfected with a plasmid to express GFP-MBNL1 confirmed the
accumulation of GFP-tagged MBNL1 in the CUGe*P RNA foci in DM1 cells (figure 1B). No
spontaneous aggregation of GFP-MBNL1 was observed in control cells (figure 1D).
Importantly, statistical analysis of the number of foci per nucleus revealed no significant
differences between the number of foci seen per nucleus in cells expressing GFP-MBNL1
and in untransfected cells (figure 1E). This indicates both that exogenous expression of
MBNL1 does not increase the formation of CUGe*» RNA foci and that GFP-MBNL1 can be
used as a marker for the foci in living cells.

2) MBNL1 has a complex sub-cellular localization in lens epithelial cells

Although MBNL1 is recognized as an alternative splicing factor[9, 24], additional, extra-
nuclear roles for MBNL1 in the regulation of mRNA localization and protein expression
have recently been implicated in the pathology of DM1[8]. In normal HLE cells,
endogenous MBNL1 shows a complex subcellular distribution (figure 2A) with staining
both in the nucleus and the cytoplasm. The nuclear signal is largely excluded from the
nucleolus (figure 2A arrows). The only clear difference in the distribution of MBNL1 in
DM1 cells compared to control cells is the presence of the distinctive foci (Figure 2A
yellow arrows). Of particular interest is the non-uniform distribution of MBNL1 within
the nucleus in some, but not all, cells where MBNL1 accumulates in structures
resembling splicing factor ‘speckles’ (figure 2A arrowheads). While this is not
unexpected, as MBNL1 has a well-documented role as an alternative splicing factor and
splicing factors characteristically accumulate in speckles[25], it has not been
documented previously. We therefore sought to confirm the identity of the structures
accumulating MBNL1. Immunodetection of the U1 snRNP associated protein, UTA
simultaneously with endogenous MBNL1 in normal HLE cells demonstrates
conclusively that the structures seen to accumulate MBNL1 are canonical splicing
speckles (figure 2B). Equivalent results were obtained in DM1 HLE cells (data not
shown). In addition to the observation of cells with diffuse nuclear staining with MBNL1
(DM1 75.5%, sem +/- 0.5; control 77.5%, sem +/- 1.5) and cells with MBNL1



accumulated in nuclear splicing speckles (DM1 21%, sem +/-2.0; control 19% sem +/-
2.0), a small number of cells with very little nuclear MBNL1 and cytoplasmic
accumulations of MBNL1 were also observed (DM1 4%, sem+/- 0.0; control 4%, sem +/-
1.0).

3) MBNL1 moves between the nucleus and cytoplasm during lens development

Porcine lens sections stained with MBNL1 and the snRNP splicing factor U1A (Figure
3A) show that, while the constitutive splicing factor U1A remains nuclear throughout
lens cell differentiation, MBNL1 shows changes in sub-cellular distribution during fibre
cell differentiation. MBNL1 is present in both the nucleus and the cytoplasm in cells in
the anterior epithelium known to have low transcriptional activity (figure 34, top row),
but is increasingly nuclear in cells of the equatorial epithelium and cortical fibre cells,
where high transcriptional activity has previously been reported (figure 3A middle and
bottom rows). Further examination of the cortical fibre cells (figure 3B) demonstrates
partial co-localization of MBNL1 (ii) with U1A (i) in nuclear speckles (arrows). Staining
of the actin cytoskeleton with phalloidin 568 (iv) clearly shows the elongated structure
of the differentiating fibre cells.

4) MBNL1 localizes to the cytoplasm in cells with low transcriptional activity

To further investigate the potential link between transcriptional activity and MBNL1
distribution suggested by the results from lens sections, we next sought to determine if
the distribution of MBNL1 in HLE cell lines was related to the level of cellular
transcription. DM1 and control HLE cells were incubated with 5-ethynyl uridine (EU) for
two hours to allow incorporation of the label into newly synthesized RNA. Subsequent
detection of the EU label using ‘click’ chemistry and endogenous MBNL1, suggested that
cells with nuclear MBNL1, whether diffuse or in splicing speckles (arrows), are highly
transcriptionally active (figure 4A). Newly synthesized transcripts were detected both
in the nucleoplasm (RNA polymerase II transcription) and in nucleoli (figure 4A, B)
yellow arrows, RNA polymerase I transcription). In contrast, cells without strong
nuclear localization of MBNL1 and with cytoplasmic accumulations of MBNL1 (figure
4B, arrowheads) showed low transcriptional activity in both the nucleoplasm and
nucleoli. While high variability of signal intensity between coverslips prevents a definite
quantitative conclusion from being drawn, viewing cells with different distributions of
MBNL1 in the same image (figure 4B) gives a clear indication of the relative
transcriptional activities. These observations are in agreement with our results in lens
sections and suggest that the distribution of MBNL1 between the cytoplasm and nucleus
is linked to the transcriptional activity of the cell reflecting the balance between
different proposed roles for MBNL1 in mRNA metabolism.

5) The proportion of cellular MBNL1 in nuclear CUGexp RNA foci is small.

The sequestration of MBNL1 in CUGe*P RNA foci has been implicated as a key cause of
the cellular pathology seen in DM1. To assess the extent of MBNL1 sequestration in
DM1 HLE cells, immunostaining with anti-MBNL1 was used. To define the different
regions of the cells, they were counter-stained with DAPI to identify the nucleus, and



phalloidin 568 to identify the filamentous actin cytoskeleton, defining the boundary of
the cell. Optical sections at 0.2um spacing were collected throughout the cell and these
datasets used to quantify the proportion of endogenous MBNL1 in each region of the
cell using Volocity (Perkin Elmer). These analyses demonstrate that only ~0.2% of total
endogenous MBNL1 is sequestered in the foci, whereas ~40% of MBNL1 is localized in
the nucleus (figure 5A) and ~60% in the cytoplasm. As the pathogenesis of DM1 is
thought to result from a reduction in the availability of nuclear MBNL1 and consequent
disruption of alternative splicing patterns, the proportion of nuclear MBNL1
sequestered in foci was calculated. Only ~0.5% of nuclear MBNL1 is sequestered into
the foci, demonstrating a very small reduction in the potential availiblilty of MBNL1
within the nucleus in DM1 HLE cells (figure 5B). Parallel experiments using GFP-MBNL1
in place of endogenous MBNL1 gave similar results with ~0.1% of nuclear GFP-MBNL1
sequestered into foci. This suggests that the sequestration of MBNL1 in the foci is
limited by the number of available binding sites, with additional expressed GFP-MBNL1
localizing within the nucleoplasm rather than causing an increase in the size or number
of the foci.

6) MBNL1 in foci, and the foci themselves, are mobile.

Having established that the proportion of MBNL1 present in CUGe*P pre-mRNA foci is
small, we next sought to investigate whether the foci-bound MBNL1 was able to
disassociate from the foci. Fluorescence recovery after photobleaching (FRAP) was used
in DM1 HLE cells expressing GFP-MBNL1 to determine the mobility of sequestered
MBNL1 (figure 6A). Photo-bleaching of GFP-MBNL1 in foci with a 488nm laser and
analysis of the migration of unbleached GFP-MBNL1 into the bleached area gave a
mobile fraction of ~50%, suggesting about half of the GFP-MBNL1 found in foci is free
to dissociate and is not permanently bound by the CUGe*» mRNA foci. These data are in
broad agreement with previous studies of the interaction of GFP-MBNL1 with artificial
CUGe*r foci in muscle cells[14]. To further investigate the dynamics of MBNL1 in foci,
DM1 HLE cells were transiently transfected with photoactivatable GFP-MBNL1 (PAGFP-
MBNL1). Nuclei containing more than one focus were selected and one focus per
nucleus activated using a 405nm laser. Subsequent time-lapse imaging of the nuclei
showed the migration of PAGFP-MBNL1 (figure 6B) within the nucleus and its
accumulation in foci distant from the activated focus. This demonstrates that MBNL1
can exchange between different foci as well as between the foci and the nucleoplasm. It
has been suggested that the CUGe*P RNA foci represent a block in an early stage of
mRNA export from the nucleus with foci being physically stuck at the periphery of
speckles[10, 26]. DM1 HLE cells expressing GFP-MBNL1 and the speckle marker
protein, SC35, tagged with mCherry (mCherrySC35) were used for time-lapse imaging
to investigate the relationship between foci and speckles. The resulting time series
reveal a more complex picture than anticipated from previously published data. While
some foci did remain in close proximity to a single speckle over the 15-minute period
imaged (figure 6C, arrows), other foci appeared to be free to travel within the nucleus
(figure 6C, arrowheads, see also supplementary movie 1). Plotting of the minimum
distances between a given CUGe* focus and its nearest mCherrySC35 speckle against
time clearly demonstrates the variety of movements seen (figure 6C). Taken together,
these data show that the foci are, in fact, highly dynamic. MBNL1 protein is in constant

10



equilibrium within foci, while some of the foci themselves have the ability to move
within the nucleus with no clear connection to nuclear speckles.

7) Experimental Inhibition of transcription does not affect the accumulation of
MBNL1 in RNA foci, but causes migration of MBNL1 out of the nucleus.

The MBNL1 protein is clearly highly dynamic within the cell, showing a complex
transcription-related distribution both in vitro and in vivo and rapid exchange between
cellular compartments. Understanding the molecular basis for the maintenance of
CUGe*r foci in DM1 cells is likely to be of key importance to understanding the condition.
To further investigate the relationship between cellular transcriptional activity and the
RNA/MBNL1 foci, 5,6-Dichloro-1-f-D-ribofuranosylbenzimidazole (DRB), was used to
inhibit transcription in DM1 HLE cells. Detection of the RNA foci by fluorescence in situ
hybridization (FISH) in cells fixed at different time intervals after DRB addition
demonstrates that the number of foci per nucleus is unaffected by global inhibition of
transcription over a five hour time-course (fig 7 A and B). In order to directly observe
the effect that inhibition of transcription by DRB has on MBNL1 distribution over time,
HLE cells from DM1 patients were transiently transfected with plasmids to express GFP-
MBNL1 and mCherry-ASF, an alternative splicing factor and common marker for
speckles. The transfected cells were treated with DRB (Fig 7 C). Time-lapse imaging of
these cells shows that, while mCherry-ASF shows the expected gradual change in
localization from angular splicing speckles to rounded-up structures characteristically
seen in transcriptionally inhibited cells[27, 28], GFP-MBNL1 shows a relocalization
from the nucleus to the cytoplasm. Importantly, GFP-MBNL1 remains in nuclear foci
(arrows) throughout the time course. The transcriptional inhibition caused by DRB is
reversible, and the alterations to the distribution of mCherry-ASF and GFP-MBNL1
show reversion over a similar time-frame (fig 7C ). These observations demonstrate
conclusively that the sub-cellular distribution of MBNL1 is dependent on the
transcriptional activity of the cell but that ongoing transcription is not required for
maintenance of the RNA foci or for the accumulation of MBNL1 within them.

8) Inhibition of pre-mRNA splicing causes MBNL1 to leave CUG**? RNA foci.

It has been proposed that CUGe*P RNA foci form in DM1 cells as a result of the inefficient
splicing and export from the nucleus of the DMPK transcripts that contain the
expansion[26]. Spliceostatin A (SSA) is a potent inhibitor of pre-mRNA splicing,
preventing the spliceosome transition from complex A to B and resulting in “freezing” of
the spliceosome[29]. We have demonstrated, using DRB, that on-going transcription is
not required for the maintenance of foci in DM1 cells, implying that their RNA core is
highly stable. To investigate the effects of splicing inhibition on CUGe*P RNA foci
formation and MBNL1 distribution in DM1 HLE cells, cells were treated with SSA, fixed
and immunostained using anti MBNL1 in conjunction with FISH using a GAC1o probe
(figure 8A). Analysis of the number of foci per nucleus (arrows in figure 8A) shows no
significant difference in the number of foci after 24hrs of splicing inhibition (figure 8B).
However, the foci were less distinct when visualized either using the GAC1o probe, or
anti-MBNL1 signal. To investigate this further, we quantified the amount of MBNL1
within foci in SSA inhibited and uninhibited cells. The accumulation of endogenous
MBNL1 in the CUGexp RNA foci was significantly reduced after 24hrs of SSA inhibition
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(figure 8C). To visualize this more directly, DM1 patient cells expressing GFP-MBNL1
were imaged by time-lapse microscopy during SSA inhibition (fig 8D). Before addition
of the inhibitor, clear GFP-MBNL1 foci were observed (arrows). These foci, although still
present after 4 hours of inhibition, were less easy to discern against the rest of the
nuclear signal, consistent with the results in fixed cells showing a decrease in MBNL1
accumulation in foci following inhibition of splicing with SSA. Although expression of
excess MBNL1 tends to result in an increased nucleoplasmic pool, rather than increased
accumulation into CUGe*? foci (figure 5), it is important to establish that the amount of
MBNL1 protein is not affected by inhibition of splicing. Western blot analysis (figure 8E)
confirmed no significant alteration in MBNL1 protein levels when normalized against
the nuclear protein, coilin (Student’s unpaired T test P=0.8820, n=2).
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Discussion

A minor proportion of MBNL1 accumulates in CUGe*P RNA foci in lens epithelial
cells

DM1 has a complex pathology, affecting many different tissue types. Of the many
symptoms observed, the presence of cataracts is the most prevalent and sometimes the
only symptom seen. This makes lens epithelial cells a particularly appropriate model to
investigate cellular changes associated with DM1. Although the molecular pathology of
DM1 is not well understood, the basic genetic defect is the presence of an expanded CTG
repeat in the DMPK1 gene, leading to the formation of pre-mRNA foci containing CUG
repeats in the nucleus of the cell (CUGe*P RNA foci). These repeats accumulate the
MBNL1 protein, an important alternative splicing factor that has recently also been
implicated in the localization of mature mRNAs in the cytoplasm [8] and in regulation of
mRNA decay[30]. It is proposed that the accumulation of MBNL1 in nuclear CUGe*» RNA
foci results in sufficient sequestration of nuclear MBNL1 to disrupt its normal function
in regulating complex patterns of alternative splicing, resulting in aberrant splicing of a
number of transcripts and ultimately leading to DM1 pathology[31-33]. We have
demonstrated here the presence of CUGe*P RNA foci in the nuclei of lens epithelial cells
from DM1 patients and the accumulation of MBNL1 protein in these foci. Defects in the
epithelial layer of the lens can lead to cataract both during development and in the mature
lens [34]. The presence of CUGexp RNA foci in the epithelial cells of DM1 patients could
therefore explain the strong association of cataract with DM 1. However, the proportion of
total cellular MBNL1 in the CUGe*P RNA foci is extremely small (0.5% for endogenous
MBNL1), so it is difficult to rationalize how this can cause sufficient loss of function of
nuclear MBNL1 to result in aberrant splicing and consequent downstream pathology.
While studies have demonstrated that defects in RNA splicing increase with increasing
MBNL1 depletion [35], no splicing defects were detected until 67% of total endogenous
MBNL1 was lost.

MBNL1 has a complex and highly dynamic cellular distribution in the lens
epithelium, correlating to transcriptional activity

Endogenous and GFP-tagged MBNL1 localize to both the nucleus and the cytoplasm in
lens epithelial cells grown in culture. The majority of cells show MBNL1 diffusely
localized with a noticeable enrichment in the nucleus compared to the cytoplasm and an
exclusion from the nucleolus. A smaller proportion of cells show clear co-localization of
MBNL1 with nuclear speckles containing splicing factors. Accumulation in splicing
speckles is characteristic of many splicing factors, with the speckles thought to serve as
areservoir from which they are recruited to participate in splicing at sites of
transcription when required[25]. The diffuse localization of MBNL1, while
uncharacteristic for a pre mRNA splicing factor, is similar to the distribution seen for
snRNP proteins associated with the minor U11/12 spliceosome, present at 1/100t the
amount of the major spliceosome [36-39] . Interestingly, disturbances in the cellular
repertoire of minor splicesomal snRNPs have been implicated in widespread splicing
defects associated with another neurodegenerative condition, Spinal Muscular Atrophy
[40-42] . The largely diffuse nuclear localization of MBNL1 suggests that the protein is
not present in excess within the nucleus and that most of the MBNL1 present is actively
involved in pre-mRNA splicing. It is conceivable, if the role of MBNL1 in splicing is in
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constant demand in these cells, that even the tiny amount localized to CUGe*P RNA foci
may represent a sufficient loss to result in altered splicing patterns. A still smaller
proportion of HLE cells show little nuclear MBNL1 with most of the protein present in
the cytoplasm. These cells appear to have lower levels of transcription compared to the
rest of the population.

The use of the global inhibitor of transcription, DRB, results in a marked loss of MBNL1
from the nucleus and its migration into the cytoplasm, leaving some MBNL1
sequestered by the RNA foci in DM1 cell lines. While this is a distinct contrast to the
behavior of well-studied splicing factors such as SC-35 and ASF/SF2 that migrate to
rounded-up speckles in transcriptionally inhibited cells[27, 28], it may well reflect the
diverse roles proposed for MBNL1 in cellular RNA metabolism. MBNL1 has recently
been implicated in mRNA decay [30] and in the sub-cellular localization of mature
mRNAs, particularly those associated with cellular membranes and synapses[8]. In
transcriptionally inhibited cells, the nuclear role for MBNL1 in splicing will be
redundant, but its roles in other areas of RNA metabolism will persist. Long-lived
mRNAs have been documented in lens fibre cells even after the elimination of the cell
nucleus [43, 44]. The marked differences seen in sub-cellular localization of MBNL1 in
the intact lens indicate that these different sub-cellular distributions, related to
transcriptional activity, are of physiological relevance. Indeed, the dynamic re-
distribution of MBNL1 between the nucleus and the cytoplasm during programmes of
cellular differentiation in the lens epithelium or early fibre cells may be the key process
that is compromised in DM1. Minor disruptions can have profound consequences in the
lens since it has little opportunity to repair or recover from defects in its highly ordered
programme of differentiation. The Drosophila homolog of MBNL1, muscleblind, was
originally isolated as a gene required for photoreceptor differentiation[45], while MBNL
proteins have been demonstrated to be developmentally regulated in the chick
retina[46]. Recent RNA sequencing data has implicated MBNL proteins as key negative
regulators of transcriptional pathways involved in the maintenance of pluripotency in
embryonic stem cells, with over-expression of MBNL proteins promoting alternative
splicing patterns associated with differentiated cells[11]. We see MBNL1 localized to the
cytoplasm in regions of the lens epithelium implicated as the location of a stem cell-like
population, with a marked relocalization to the nucleus seen as cells differentiate into
fibre cells and migrate towards the centre of the lens. These data suggest that the sub-
cellular distribution of MBNL1, as well as its absolute expression level, may be of
importance for its regulatory roles in mRNA metabolism.

The lens as a model for DM1

As a model system for the study of the mechanisms that lead to DM1 the lens and lens
cells from patients presents a unique opportunity. Whether findings in the lens can be
extrapolated to other tissues remains to be seen. Rapid exchange of GFP-MBNL1 within
CUGe*r foci has, however, also been documented in DM1 patient fibroblasts [14] and in a
mouse myoblast model expressing CUG-repeat RNA [47], suggesting that results
obtained in lens cells may be representative of other tissues. The lens is the first tissue
to present the DM1 phenotype, as cataracts, in patients. The lens is known to be
extremely sensitive to many forms of insult including ultra violet light, glycation,
oxidation and the ageing process, because it is unable easily to replace and repair
damaged cells [34]. Indeed the lens is rich in mechanisms to resist these insults
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including small-heat-shock protein chaperones and high levels of glutathione [48-51]. It
may be that the high levels of transcriptional activity required to produce the crystallins
and other proteins necessary for fibre cell differentiation makes lens epithelial cells
exquisitely sensitive to very small disturbances in the relative levels of different splicing
components. Alternatively disruption of the epithelium caused by splicing
abnormalities may lead to problems with the homeostasis of the underlying fibre cells
or defects in fibre cells differentiation that present later in mature fibre cells. Either a
small reduction of available nuclear MBNL1, or the inappropriate retention of small
amounts of MBNL1 within the nucleus during transcriptional shut-down could result in
such subtle disturbances. To address the balance of alternative splicing factors in lens
epithelial cells, we are currently investigating the expression and localization of the
protein CUG-BP1, which is known to act antagonistically with MBNL1 during muscle
heart development and, like MBNL1, also has wider roles in mRNA metabolism [52].

We have demonstrated relocalization of MBNL1 from the nucleus to the cytoplasm both
on transcriptional inhibition in cell lines and during programmed fibre cell
differentiation in intact lenses. In addition to its role in alternative splice site selection,
MBNL1 has recently been implicated in chaperoning mature mRNAs and determining
their sub-cellular localization [8]. It may be disturbances in these functions, rather than
splicing, caused by inappropriate retention of MBNL1 by CUG®*P foci in the nucleus, that
result in cellular disfunction. Whichever model proves to be correct, the unique
sensitivity of the lens in DM1 and its propensity to form cataracts will allow
experimenters to identify subtle changes in cellular metabolism that lead to the DM1
phenotype.

CUGe*r RNA foci do not require on-going transcription for their maintenance but
are sensitive to inhibition of splicing

The DMPK RNA that forms nuclear foci in DM1 is both polyadenylated and spliced [2,
26]. These processing events are required for exit of mRNA from the nucleus under
normal circumstances. The reason for the failure of mRNA containing expanded CUG
repeats to exit the nucleus is not fully understood but it has been proposed that the
mRNA is blocked at an early stage of nuclear export at the periphery of splicing
speckles[26]. The association of RNA transcripts within the foci with MBNL1 is unlikely
to result in inhibition of the proposed export pathway via speckles as we have
demonstrated that MBNL1 is able to enter and leave speckles. Inhibition of the export
of DMPK RNA containing CUG expansions is, therefore, likely to be by a mechanism
other than its association with MBNL1. While the tendency of CUGe*P RNA foci to
associate with speckles has been reported[10, 26], our time-lapse studies suggest that
this association is not as static as previously inferred, with at least some of the foci able
to dissociate from speckles and move within the nucleus. The foci in lens epithelial cells
were unaffected by inhibition of transcription using DRB, with both the RNA core and
the sequestered MBNL1 protein remaining in the absence of on-going transcription.
This level of stability is consistent with that seen in DM1 fibroblasts, where the half-life
of RNA in the foci was estimated to be 15hr following transcriptional inhibition with
actinomycin D[2]. In contrast to this, the use of spliceostatin A (SSA) to inhibit pre-
mRNA splicing directly did not result in the loss of MBNL1 from the nucleus, but did
cause a statistically significant decrease in the proportion of nuclear MBNL1
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sequestered into foci. SSA inhibits splicing by targeting SF3b, a multimeric protein
component of the U2 snRNP and blocking the transition from the A to the B
spliceosomal complex[29, 53]. The presence of these ‘stalled’ spliceosomes may account
for the retention of MBNL1 in the nucleus. It is not clear whether the loss of MBNL1
from foci is associated with shrinkage of the foci themselves. Visual inspection of RNA in
situ hybridizations using GAC10 DNA probes suggests that the RNA foci are smaller and
less bright, but accurate quantitation of this result is not possible due to the absence of a
genuine RNA signal elsewhere in the cell. SSA has been demonstrated to enable the
leakage of improperly processed pre-mRNA into the cytoplasm, although the
mechanism for this is not understood[54]. It is possible that SSA treatment of DM1 lens
epithelial cells relieves the block on the export of the CUG repeat-containing DMPK1
RNA. Whether the RNA cores of the foci are decreased by SSA or not, the sequestration
of MBNL1 into the foci is reduced. Since SSA and other inhibitors of pre-mRNA splicing
[53-57] are currently under investigation as anti-cancer drugs, these results raise the
possibility that such compounds may also be of benefit as therapies for DM1.
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Figure legends

Figure 1) CUGe* foci form in DM1 patient HLE cells and co-localize with endogenous and
GFP-tagged MBNL1.

A) Simultaneous detection of MBNL1 using anti MBNL1 (green) and CUGe*» mRNA foci
by in-situ hybridization using a GAC10 DNA probe (red) demonstrates co-localixation of
MBNL1 protein and RNA foci in DM1 cells (yellow on merged image). The smaller
panels are detailed views of the regions marked in the main panels.

B) In-situ hybridization using a GAC1o DNA probe (red) in DM1 cells expressing GFP-
MBNL1 (green) demonstrates accumulation of GFP-MBNL1 in CUGe* mRNA foci.

C) and D) No CUGe*» mRNA foci or characteristic punctate accumulations of endogenous
MBNL1 (C) or GFP-MBNL1 (D) are seen in control HLE cells. Images are maximum
intensity projections of deconvolved 0.2um Z-sections. Bars on main panels= 20um, on
detailed panels= 5um.

E) Graphical representation of the number of foci detected using anti MBNL1 antibody,
GFP-MBNL1 and GAC1o probe. There are no significant differences in the number of foci
per cell nucleus between GFP-MBNL1, endogenous MBNL1 and GAC1o probe foci or
between DM1 cell lines (one way ANOVA, P>0.05, n=75 for each variable).

Figure 2) MBNL1 has a complex sub-cellular localization in lens epithelial cells

A) Endogenous MBNL1 (i and iv, red on overlay) localizes to both the nucleus (stained
with DAP], ii and v, blue on overlay) and the cytoplasm in lens epithelial cells. MBNL1 is
largely excluded from nucleoli (white arrows) and accumulates in speckle-like
structures (arrowheads) in both control cells (i to iii) and DM1 cells (iv to vi). Bright.
Punctate accumulations of MBNL1, corresponding to CUGe*» mRNA foci are seen only in
DM1 cells (yellow arrows). Images are single deconvolved z-sections. Bar=10um.

B) Simultaneous detection of MBNL1 (i, green on overlay) and the snRNP protein U1A
(ii, red on overlay) demonstrates co-localization of the two proteins in nuclear speckles
(vellow/orange in iii). Images are maximum intensity projections of deconvolved
0.2um Z-sections. Bar =20um. The full 3D data-set (iv) was used to generate a cross
section for intensity measurements (v) to confirm the co-localisation. vi) Scatter plot of
pixel colocalization of U1A (red) and MBNL1 (green) gives Pearson’s correlation
coefficient =0.802.

Figure 3) MBNL1 moves between the nucleus and cytoplasm during lens development

A) Simultaneous detection of U1A and MBNL1 in transverse sections of porcine lenses
shows that U1A (red) remains nuclear throughout lens cell differentiation. In contrast,
MBNL1 (green) localizes to both the nucleus and cytoplasm in the anterior epithelium
(top row), changing to a predominantly nuclear localization as cells enter the
equatorial epithelium (middle row, arrows), remaining nuclear as cells begin to
differentiate into cortical fibre cells (bottom row, arrowheads). DAPI staining (blue)
shows the position of the nuclei. Images are maximum intensity projections of
deconvolved 0.2um Z-sections. Bar=10um (top and middle rows), 25um (bottom row).
B) Higher resolution imaging of differentiating fibre cells in transverse sections of
porcine lenses demonstrate partial co-localization of U1A (i and red in v) and MBNL1
(ii and green in v) in nuclear speckles (arrows). DAPI (iii and blue in v) shows the
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position of the nuclei and phalloidin 568 (iv and white in v) marks the boundaries of
the elongated fibre cells. Images are single deconvolved z-sections. Bar=10um.

Figure 4) MBNL1 localizes to the cytoplasm in cells with low transcriptional activity.
Incubation of HLE cells with 1mM 5-ethynyl uridine for 2hrs allows simultaneous
detection within the nucleus (DAPI, blue on overlays) of endogenous MBNL1 (green on
overlays) and sites of RNA transcription (red on overlays). Transcriptional activity is
detected both in the nucleoplasm and in nucleoli (yellow arrows). Imaging of adjacent
cells displaying differing distributions of MBNL1 reveals similar levels of transcription
in cells with diffuse nuclear MBNL1 or MBNL1 accumulated in splicing speckles (A,
arrows denote speckles). Cells with little nuclear MBNL1 and cytoplasmic
accumulations of MBNL1 (B, arrowheads denote cytoplasmic accumultions), however,
show very low levels of transcriptional activity in the nucleoplasm and nucleoli
compared to neighbouring cells. Images are single optical sections. Bar =10um.

Figure 5) The proportion of cellular MBNL1 sequestered by nuclear RNA foci is small

A) Charts representing the proportion of endogenous and GFP-tagged MBNL1 in DM1
and control HLE cells, calculated using object identification algorithms in Volocity
(Perkin Elmer). Cells were counter stained with Phalloidin 568 and DAPI to identify the
boundary of the cell cytoplasm and nucleus respectively. CUGe*» mRNA foci were
identified using MBNL1 intensity. Multiple MBNL1 foci intensities were summed,
where appropriate, to give the total MBNL1 sequestered into foci. n=15 per cell line.
B) There is no significant difference in the % of endogenous nuclear MBNL1 or of GFP-
tagged nuclear MBNL1 sequestered into foci between DM1 cell lines, (One way anova,
P>0.05, n=20 per cell line). There is, however, a significant difference between the
mean % of GFP-MBNL1 and endogenous MBNL1 sequestered (P<0.05). The mean
proportion of endogenous nuclear MBNL1 and GFP-MBNL1 sequestered into foci was
0.5% and 0.1% respectively.

Figure 6) MBNL1 sequestered by foci, and the foci themselves, are mobile

A) MBNL1 sequestered by foci is dynamic. GFP-MBNL1 in nuclear foci in DM1 cells was
photobleached using a 488nm laser at 100% power with a 0.5sec pulse and subsequent
time-lapse imaging carried out to monitor recovery of unbleached GFP-MBNL1 into
foci. Arrow indicates the focus targeted for photobleaching, boxed region shows an
enlarged view of the bleached region. Images are single z-sections. Bar= 10um. Plotting
the normalized recovery rates against time reveals a mobile fraction of around 50% in
each of the four cell lines analyzed (n=25).

B) MBNL1 can exchange between foci. PA-GFP-MBNL1 in foci in DM1 cells was
activated using a 405nm laser at 100% power with a 0.5sec pulse and subsequent time-
lapse imaging carried out to determine the ability of MBNL1 to migrate within the
nucleus. White arrow and enlarged box indicate the activated focus, red arrow and
enlarged box indicate a different focus in the same nucleus. Migration of activated PA-
GFPMBNL1 from the activated focus (white arrow) to the neighboring focus (red
arrow) is clearly seen. Images are single z-sections. Bar= 10um. Plotting of the
fluorescence intensity of the activated focus (black squares) and the neighboring focus
(red triangles) against time demonstrates the rapidity of the exchange. Representative
data from experiments on 3 cells from each of the 4 DM1 HLE cell lines.

C) MBNL1 foci can move relative to nuclear speckles. Time-lapse imaging of DM1 cells
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expressing both GFP-MBNL1 (top row and green on overlay) and mCherry-SC35 (red
on overlay) demonstrates that, while some foci remain in close proximity to nuclear
speckles over time (arrow), others are able to move more freely within the nucleus
(arrowhead). Plotting the distance from the nearest speckle against time for individual
foci shows the variety of movements seen. Images are maximum intensity projections
of deconvolved 0.5um Z-sections. Bar=10mm. Representative data from measurements
of 18 individual foci in 4 separate cells. See also supplementary movie 1.

Figure 7) Experimental Inhibition of transcription does not affect the accumulation of
MBNL1 in RNA foci, but causes migration of a large proportion of MBNL1 out of the
nucleus .

A) RNA foci remain in transcriptionally inhibited cells. FISH using a GAC10 DNA probe in
DM1 cells treated with the transcriptional inhibitor DRB reveals the persistence of RNA
foci (red, arrows) over a 5 hour time course . The outline of the nucleus is shown by
DAPI staining (blue). Images are maximum intensity projections of deconvolved 0.2um
Z-sections. Bar = 20um,

B). Counts of the number of MBNL1 foci, detected using anti-MBNL1, in each cell
nucleus in cells treated with DRB for 5 hours or untreated reveals no significant
difference in the number MBNL1 foci per cell nucleus following DRB treatment. (one
way ANOVA, p>0.05, n=25 per cell line, data presented as mean and SD).

C) MBNL1 is reversibly lost from the nucleus in transcriptionally inhibited cells. Time-
lapse inaging of DM1 cells expressing GFP-MBNL1 and mCherry-ASF treated with
20ug/ml of DRB (left hand panel) shows gradual migration of GFP-MBNL1 out of the
nucleus over a 5.5 hour period. Nuclear foci containing GFP-MBNL1 remain intact
(arrows). mCherry-ASF shows the characteristic rounding up of nuclear speckles seen
in transcriptionally inhibited cells. See also supplementary movie 2. Removal of DRB to
reverse the transcriptional inhibition (right hand panel) shows the return of GFP-
MBNL1 to the nucleus, and the reversal of the rounding up of mCherry-ASF speckles.
Images are maximum intensity projections of deconvolved 0.2um Z-sections.
Bar=20um. See also supplementary movie 3.

Figure 8) Inhibition of pre-mRNA splicing leaves the RNA core of the foci intact, but causes
MBNL1 to leave the foci

A) RNA foci remain in cells inhibited for pre-mRNA splicing. Simultaneous FISH using a
GAC10 DNA probe and immunodetection of endogenous MBNL1 in DM1 cells treated
with the pre-mRNA splicing inhibitor SSA reveals the persistence of RNA foci (red,
arrows) containing MBNL1 (green, arrows) over a 24 hour time course The outline of
the nucleus is shown by DAPI staining (blue). The foci are visually less distinct in cells
treated with SSA then in control cells (compare T=16hrs and T=24hrs with T=0). Bar =
20um. Images are maximum intensity projections of deconvolved 0.2um Z-sections.

B) Inhibition of splicing does not alter the number of foci per cell.

Counts of the number of foci per nucleus in DM1 HLE cells, detected using endogenous
MBNL1 staining, show no significant difference in foci number between SSA inhibited
and uninhibited DM1 HLE cells (Two tailed T test P>0.05, n=25 per cell line). Control
cell lines showed no foci. Data are represented as mean and standard deviation.

C). Sequestration of MBNL1 into foci is decreased by inhibition of pre-mRNA splicing.
The proportion of nuclear endogenous MBNL1 sequestered into foci in DM1 HLE cells
treated with 25ng/ml Spliceostatin A (SSA) for 5hours shows a significant difference
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compared to untreated DM1 HLE cells (Two tailed T-test P<0.05, n=25 per cell line.)
Data are represented as mean and standard deviation).

D). Time-lapse imaging of DM1 HLE cells expressing GFPMBNL1 treated with 25ng/ml
SSA shows that foci persist in cells inhibited for pre-mRNA splicing (arrows), but
appear less distinct with time. Images are maximum intensity projections of
deconvolved 0.5um Z-sections. Bars= 20um.

E) Western blot analysis of the expression of endogenous MBNL1 in cells treated with
spliceostatin A for 16 hours shows no significant change compared to untreated cells
using the nuclear protein, coilin, as a loading control (Student’s unpaired T test,
P=0.8820, n=2).
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Figure 3
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Figure 4
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Figure 6
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Figure 7

6.5+
6.0+
5.5+
5.0+
4.5+

o

4.0+

3.5+

3.0+
2.5+
2.0+

Number of foci per nucleus

1.5+

1.0+ -
0.5+
0.0

-DRB +DRB -DRB +DRB -DRB +DRB -DRB +DRB
L J 1 JIL J L ]

DMCat1 DMCat2 DMCat3 DMCat4

C DRB inhibition Reversion

00:34:50.022 02:19:12.997 05:47:57.99¢ 00:33:47.265 02:17:12.699

30



Figure 8
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