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SUMMARY

Myotonic dystrophy type 1 (DM1) and type 2 (DM2) are common forms of adult
onset muscular dystrophy. Pathogenesis in both diseases is largely driven by pro-
duction of toxic-expanded repeat RNAs that sequester MBNL RNA-binding pro-
teins, causing mis-splicing. Given this shared pathogenesis, we hypothesized that
diamidines, small molecules that rescue mis-splicing in DM1 models, could also
rescue mis-splicing in DM2 models. While several DM1 cell models exist, few
are available for DM2 limiting research and therapeutic development. Here, we
characterize DM1 and DM2 patient-derived fibroblasts for use in small molecule
screens and therapeutic studies. We identify mis-splicing events unique to DM2
fibroblasts and common events shared with DM1 fibroblasts. We show that
diamidines can partially rescue molecular phenotypes in both DM1 and DM2
fibroblasts. This study demonstrates the potential of fibroblasts as models for
DM1 and DM2, which will help meet an important need for well-characterized
DM2 cell models.

INTRODUCTION

Myotonic dystrophy type 1 (DM1) and type 2 (DM2) are common forms of adult onset muscular dystrophy,

characterized by autosomal dominant, progressive myopathy with multisystemic involvement (Harper,

2001). DM1 is caused by an expansion of a CTG repeat tract in the 30 untranslated region of the dystrophia

myotonica protein kinase (DMPK) gene, whereas DM2 is caused by an expanded CCTG repeat tract in

intron 1 of the CCHC-type zinc finger nucleic acid-binding protein (CNBP) gene (Harley et al., 1992; Fu

et al., 1992; Brook et al., 1992; Liquori et al., 2001; Mahadevan et al., 1992). Both DM1 and DM2 share

many pathological features, including myotonia, muscle weakness and wasting, cardiac dysfunction, cata-

racts, insulin resistance, and cognitive impairment (Day et al., 2003; Meola, 2013). These common clinical

pathologies are likely due to a similar shared RNA gain-of-function pathogenic mechanism resulting

from the underlying repeat expansion. Upon transcription, the repeat expansion tracts give rise to

expanded (C)CUG repeat RNA that form ribonuclear foci which sequester and disrupt normal functions

of the muscleblind-like (MBNL) family of RNA-binding proteins (Taneja et al., 1995; Liquori et al., 2001; Far-

daei et al., 2002; Day et al., 2003; Miller et al., 2000; Mankodi et al., 2001). The sequestration of MBNL pro-

teins cause changes in alternative splicing, translation, polyadenylation, microRNA processing, and mRNA

localization and stability (Du et al., 2010; Masuda et al., 2012; Wang et al., 2012, 2016; Batra et al., 2014).

Abnormal regulation of alternative splicing is a molecular hallmark of myotonic dystrophy and can be linked

directly to multiple disease features, such as myotonia, cardiac defects, and insulin resistance (Dixon et al.,

2015; Mankodi et al., 2002; Savkur et al., 2001).

Although DM1 and DM2 share overlapping pathogenic mechanisms, they possess distinct molecular and

clinical features. DM2 has a later onset than DM1, has no congenital form like DM1, and displays more prox-

imal muscle wasting, whereas distal muscles are primarily affected in patients with DM1 (Day and Ranum,

2005). These differences in disease symptoms and presentation are mirrored by differences at the molec-

ular level. For example, in DM1, but not DM2, CUG-BP Elav-like member 1 (CELF1) is upregulated via sta-

bilization by PKC-mediated hyperphosphorylation (Kuyumcu-Martinez et al., 2007; Salisbury et al., 2009;
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Pelletier et al., 2009). This upregulation of CELF1 may in turn exacerbate mis-splicing caused by MBNL

sequestration, as it can antagonistically regulate MBNL-dependent exons (Brinegar and Cooper, 2016).

Similarly, RNA-binding Fox (RBFOX) proteins have been shown to bind and colocalize with CCUG repeat

RNA foci, but not CUG repeat RNA foci; however, it is not yet clear whether the activity of RBFOX proteins is

impacted in patients with DM2 (Sellier et al., 2018). CNBP is more highly expressed than DMPK in most tis-

sues (Sznajder and Swanson, 2019), and the intronic DM2 expansions are generally larger (up to 11,000

CCTG repeats) than the 30 UTR DM1 expansions (over 5000 CTG repeats) (Otero et al., 2021; Liquori

et al., 2001). Additionally, retention of the surrounding intron caused by the expanded repeat has been

shown to occur only in DM2 (Sznajder et al., 2018). Despite this potential for higher toxic RNA load in

DM2, the degree of mis-splicing appears similar to or less severe than in DM1 (Meola, 2013). Though there

are differences in the molecular and clinical features, the shared molecular mechanisms of MBNL seques-

tration and alterative splicing misregulation in DM1 and DM2 have been the target of numerous therapeu-

tic approaches.

Our lab has previously shown that a class of small molecules called diamidines can partially alleviate the

molecular phenotypes of DM1 in cell and mouse models (Jenquin et al., 2018, 2019; Coonrod et al.,

2013; Siboni et al., 2015; Warf et al., 2009). Specifically, furamidine was shown to work through multiple

mechanisms to rescue DM1 mis-splicing and pathology, including inhibition of the MBNL1-CUG RNA

interaction, upregulation of MBNL1 and 2 proteins, and also potentially affecting the transcription and/or

stability of CUG RNA (Jenquin et al., 2018). With DM1 and DM2 having similar disease pathology, we hy-

pothesized that furamidine, and other diamidines, could rescue mis-splicing in DM2 models.

Unfortunately, unlike DM1, there are very few well characterized DM2 model systems, making studies and

therapeutic development for DM2 challenging. While drosophila models of DM2 recapitulate some as-

pects of the disease (Cerro-Herreros et al., 2017; Souidi et al., 2018), many of the mis-spliced events

observed in patients are not conserved in these model systems. Furthermore, there is no CCTG repeat

expansion mouse model that recapitulates the molecular features observed in humans. While MBNL

knockout mouse and zebrafish models are useful for studying the effects of MBNL depletion (Kanadia

et al., 2003; Lee et al., 2013), they have limited application for testing therapeutics that target the DNA

or RNA repeat expansions. Some patient-derived DM2 primary fibroblast and myoblast cell lines are avail-

able; however, they have not been well characterized or show limited mis-splicing defects (Wagner-Griffin

et al., 2021; Benhamou et al., 2020a, 2020b; Arandel et al., 2017; Sznajder et al., 2018). Therefore, there is a

significant need for well characterized cell models that exhibit molecular changes associated with DM2,

including mis-splicing, to model the disease and test potential therapeutics.

Here, we characterized multiple primary patient-derived DM2 fibroblast lines displaying key molecular dis-

ease features, including MBNL-dependent mis-splicing changes, ribonuclear foci that colocalize with

RBFOX, and CNBP intron 1 retention. We assessed mis-splicing globally by RNA-seq and compared the

resulting data to mis-splicing in DM1 fibroblast lines to identify mis-splicing events unique to DM2 or com-

mon to both DM1 and DM2. Using these model systems, we showed that the small molecule furamidine

was able to rescue a subset of mis-spliced events and reduce RNA foci. Additional diamidine analogs

were found to rescue somemis-spliced events in both DM1 andDM2 fibroblasts, indicating that diamidines

have therapeutic potential across both diseases. The characterization of these cell lines, and demonstra-

tion of their responsiveness to small molecule intervention, provides the community another viable avenue

through which to model both DM1 and DM2 and test therapeutic approaches.

RESULTS

Patient-derived DM1 & DM2 fibroblast lines display molecular markers of disease

Primary patient (two DM1 and four DM2) and non-disease (two control) fibroblast cell lines (Experimental

model and subject details section in STARMethods) were derived from skin punches collected under a Uni-

versity of Florida-approved IRB protocol. Using multiple assays, we performed a detailed characterization

of these DM2 fibroblast cell lines. First, we assessed the CNBP CCTG repeat lengths using the Bionano

Genomics Saphyr genome imaging system (Otero et al., 2021). This approach applies sequence-specific

labels across the genome, images the DNA in nanochannels, and calculates the distance in nucleotides

between labels. At least, 40 DNA molecules were measured across the CNBP locus in each sample, map-

ped to a reference genome, and the lengths of all non-zero repeat reads were averaged per sample.

Repeat lengths ranged from�0G 100 CCTG units to�5300G 100 CCTG (Figures 1A–1D). Themean allele
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expansion length in all DM2 lines exceeded 2000 CCTG units, with DM2-C showing the shortest (�2200

CCTG; Figure 1C) and DM2-D showing the longest (�3550 CCTG; Figure 1D) mean allele length (marked

by red boxed number and arrow in Figures 1A–1D). The DM2-D line is a homozygous line in which both

alleles possess a CCTG repeat expansion, consistent with depletion of short alleles as assessed by optical

mapping (Figure 1D) and previously published Southern blots (Sznajder et al., 2018). Second, we assayed

retention ofCNBP intron 1 in these cell lines as expanded CCTGs inCNBP have been shown to cause reten-

tion of intron 1 (Sznajder et al., 2018). All DM2 lines showed increased levels of intron 1 retention (35 G 4,

33 G 5, 34 G 5, and 46 G 2% for DM2-A, B, C, and D lines, respectively, Figure 1E) mirroring previous ob-

servations (Sznajder et al., 2018). Control (CNTRL-B) and DM1 (DM1-B) fibroblasts showed only 13 G 4%

and 9 G 4% intron retention, respectively. These findings are consistent with the presence of the repeat

expansion and the retention of CNBP intron 1 associated with DM2.

Ribonuclear foci are another characteristic feature of both DM1 and DM2 that are observed across a num-

ber of model systems and in patient-derived tissues. To assess the presence of RNA foci, we performed

fluorescence in situ hybridization (FISH) using Cy3-(CAG)8 or Cy3-(CAGG)6 probes in DM1 and DM2 lines,

respectively. All cell lines showed characteristic nuclear RNA foci (Figures 1F and S1). We next assessed

whether RBFOX2, the predominant RBFOX paralog in fibroblasts, co-localized with RNA foci in these

cell lines. Immunofluorescence (IF) microscopy revealed co-localization of RBFOX2 with CCUG foci in

DM2 fibroblasts, whereas unaffected cells showed diffuse RBFOX2 staining in the nucleus as reported pre-

viously (Sellier et al., 2018) (Figures 1F and S1). Likewise, DM1 cells also showed a diffuse staining similar to

the unaffected cells with some slight overlap of RBFOX2 staining with the CUG foci, consistent with previ-

ous studies (Sellier et al., 2018).

Lastly, we assessed mis-splicing, a key molecular hallmark of both DM1 and DM2. As an initial assessment,

we investigated whether two known DM events, INSR exon11 and MBNL2 exon7 (Table 2), were mis-regu-

lated in the fibroblasts. Both the DM1 and DM2 fibroblasts showed significant mis-splicing for both events,

with average INSR exon11 percent spliced-in (PSI) values of 83 G 7%, 59 G 7%, and 62 G 8% (Figure 1G)

and averageMBNL2 exon7 PSI values of 11G 1%, 22G 2%, and 18G 5% (Figure 1H) for control, DM1, and

DM2 fibroblasts, respectively. Taken together, these studies demonstrate that the DM1 and DM2 fibro-

blasts display molecular features characteristic of DM.

RNA-seq identifies mis-spliced exons transcriptome-wide in DM1 & DM2 fibroblasts

Given that the initial splicing analysis showed evidence for mis-splicing in these fibroblast lines, we per-

formed RNA-seq to measure DJ, difference in PSI between control and DM cells, of alternative exons

across the transcriptome. From this analysis, we identified 74 exons mis-spliced in DM2 fibroblasts versus

control cells (Table S1), and 69 exons mis-spliced in DM1 fibroblasts versus control fibroblasts (Table S2)

(FDR<0.1, DJ R 0.1, R25 reads per event). Of these exons, 24 were mis-spliced in both DM1 and DM2

fibroblasts relative to control cells (Figures 2A and 2B). Similar levels of mis-splicing between DM1 and

DM2 were observed across the 24 overlapping events; however, slightly less severe mis-splicing was

observed in the DM2 fibroblasts (Figure 2C). These 24 exons were enriched for aberrant inclusion events

(79%) compared to aberrant exclusion (21%) (Figure 2B). Gene ontology analysis of all 119 mis-spliced

events showed no enrichment for specific terms, but more than 85% of the events were protein coding

Figure 1. Patient-derived DM1 and DM2 fibroblast lines display molecular markers of disease.

Observed Bionano reads (A–D) are shown for all DM2 fibroblast lines. Histograms of the estimated CCTG repeat lengths (green bars) are shown as read

count frequency (left y axis) with the cumulative % distribution functions on the right (gray line, right y axis). The 50th, 75th, and 90th percentiles of repeat

lengths are indicated with gray dotted lines. The average repeat size is displayed in the red box with arrow. Note the lack of a large peak at the shorter

unaffected repeat size for the homozygous DM2-D cell line (D).

(E) Intron retention assay (E) demonstrated significant CNBP intron 1 retention in all DM2 (green) cell lines compared to control cell lines (black), but not in

DM1 cells (blue). Representative gel image of PCR products using primer set amplifying intron 1 to exon3 of CNBP (product schematic shown left of gel

image and molecular standard (MS) values are in base pairs to the right). Mean % intron retention GSD is denoted below (two-tailed t-test, **p < 0.01,

***p < 0.001).

(F) Fluorescence in situ hybridization immunofluorescencemicroscopy (F) in control, DM1, and DM2 fibroblasts against (C)CUG RNA using either Cy3-(CAG)8
or -(CAGG)6 probes (red). RBFOX2 immunofluorescence shown in purple and DAPI shown in blue. All images were taken using the same laser and contrast/

processing settings and a representative scale bar (10mm) is included with each set of micrographs.

(G and H) Splicing analysis (G and H) of control, DM1 and DM2 fibroblasts for INSR exon 11 (G) and MBNL2 exon7 (H) alternative exon events expressed as

percent spliced in (PSI). Mean % spliced in GSD is denoted below (ANOVA two-tailed test, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). All

experiments were done in at least triplicate using biological replicates.
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(Table S3). We confirmed several shared mis-spliced exons (SYNE1 exon65, MPHOSPH9 exon4, MYO5A

exon32, and TMEM119.a exon2) by RT-PCR (Figures 2D–2G) and observed concordance in PSI between

RT-PCR and RNA-seq (Figures S2A–S2D). Similarly, PSI values for INSR exon11 via RNA-seq were similar

to that observed during our initial analysis via RT-PCR (Figures S2E and 1G); however, MBNL2 exon7 was

not significantly mis-spliced in the RNA-seq datasets despite showingmisregulation by RT-PCR (Figure 1H).

We also used RT-PCR to confirm mis-splicing of several of the 50 exons that showed dysregulation only in

DM2 fibroblasts (CD46 exon4, CPNE1 exon2, MYL6 exon6, and SYH3YL.b (exon9)) and demonstrated that

they were not mis-spliced in DM1 fibroblasts (Figures S3A–S3D).

Overall, the presence of expanded repeats, intron retention, RNA foci, and mis-splicing establish these

DM2 fibroblasts as viable models in which to study disease biology. Our comparison to DM1 fibroblasts

demonstrates overlapping and disparate molecular phenotypes as expected based on previous studies.

Given these findings, we sought to assess the response of these DM2 cell lines to compounds that we

have previously shown rescue molecular phenotypes in DM1 cell and animal models.

Furamidine rescues mis-splicing and reduces ribonuclear foci in DM1 & DM2 fibroblasts

We have previously reported that diamidines can rescue molecular phenotypes in DM1 cell and animal

models (Siboni et al., 2015; Jenquin et al., 2018, 2019; Coonrod et al., 2013; Warf et al., 2009), but diami-

dines have yet to be tested in DM2 models. To determine if patient-derived DM2 fibroblast lines also

respond to diamidines, we initially treated DM1, DM2, and control fibroblasts with furamidine. We found

that furamidine was able to rescue mis-splicing of INSR exon11 and did not affect splicing in non-disease

control cells (Figure 3A). Interestingly, furamidine rescued mis-splicing of another shared mis-splicing

event, SYNE1 exon65, in DM2, but not in DM1 fibroblasts (Figure 3B), revealing differences in responsive-

ness to furamidine. FLNB exon31, identified by RNA-seq as mis-spliced in every DM1 and DM2 fibroblast

line except DM2-B (Figure S4), was also rescued by furamidine in all lines except DM2-B and control cells

(Figure 3C). We next confirmed the MBNL1 dependence of these regulated exons via RNAi knockdown of

MBNL1, as MBNL-dependent mis-splicing is considered a primary molecular marker of DM pathogenesis

(Figure S5A). We initially confirmed that INSR exon11 as an MBNL1-dependent event (Figure S5B) and

found that both SYNE1 exon65 and FLNB exon31 also showed changes in PSI indicative of MBNL1 depen-

dence (Figures S5C and S5D).

Following furamidine treatment, we also assessed events that showed dysregulation only in DM2 fibro-

blasts (CD46 exon4 and SYH3YL.b (exon9)), but did not observe rescue of these events in the DM2-A

cell line versus CNTRL-B (Figures S6A and S6B). Further, we evaluated the impact of furamidine treatment

onCNBP intron 1 retention and demonstrated no significant changes in intron 1 retention in the DM2-A line

(Figure S7). These data suggest that furamidine may be targeting shared, MBNL-dependent pathways be-

tween DM1 and DM2, but not MBNL1-independent DM2-specific molecular hallmarks.

Because furamidine can reduce ribonuclear foci in DM1 models (Jenquin et al., 2018, 2019), we next quan-

tified abundance of ribonuclear foci in the DM2 fibroblast lines following furamidine treatment. At 4 mM

furamidine, the average number of ribonuclear foci per nucleus was reduced by 9%–30% as compared

to untreated cells in the DM2 lines (Figure 3D). Similarly, because furamidine treatment has been shown

to increaseMBNL1 and 2 transcript levels in DM1 models (Jenquin et al., 2018, 2019), we assessed the abil-

ity of furamidine to upregulate MBNL1 and 2 transcript levels in DM2 fibroblasts (Table 3). Furamidine

increased MBNL1 (Figure 3E) and MBNL2 (Figure S8) transcript levels by �40% at 4 mM in both DM1-B

Figure 2. Global mis-splicing occurs in DM1 and DM2 fibroblasts

Splicing analysis of alternative exon events determined via RNA-seq identified both unique and overlapping events in

DM1 (blue) and DM2 (green) fibroblasts.

(A) (FDR<0.1, DJ R 0.1, R25 reads across exon junction).

(B) Heatmap of change in percent spliced-in (DJ) for 24 alternative exon events shared between DM1 and DM2

fibroblasts (B) shows bias toward inclusion (19 events) over exclusion (5 events).

(C) Plot of average DM1 DJ (x axis) versus average DM2 DJ for the 22 common alternative exon events (C) shows similar

extents of mis-splicing between DM1 and DM2.

(D–G) RT-PCR splicing analysis of control, DM1, and DM2 fibroblasts for common alternative exon events in SYNE1

exon65 (D), MPHOSPH9 exon4 (E), MYO5A exon33 (F), and TMEM119.a (exon2) (G) expressed as percent spliced in (PSI).

Mean % spliced inGSD is denoted below (ANOVA two-tailed test, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). All

experiments were done in at least triplicate using biological replicates.
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and DM2-A fibroblast lines compared to untreated cells. The increased MBNL1 transcript levels corre-

sponded to a trend in increased MBNL1 protein levels in the DM1-B line; however, the increases were

not significant due to high variability (Figure 3F, representative blots Figure S9). MBNL1 protein levels

were significantly increased by 25% in DM2-A fibroblasts at 4 mM compared to untreated cells (Figure 3F,

representative blots Figure S9). Unfortunately, endogenous MBNL2 protein levels were too low to detect

via western blot analysis in fibroblasts. In both the DM1 and DM2 fibroblasts, significant toxicity was only

observed above concentrations corresponding to mis-splicing rescue (>8 mM, Figure S10), which is similar

to that previously observed in DM1 myotubes (Jenquin et al., 2018). These data, generated with a small

molecule previously shown to be a potential DM1 therapeutic candidate, support DM2 fibroblasts as a po-

tential model system to test novel therapeutic approaches.

A

B

C

D

E

F

Figure 3. Furamidine rescues mis-splicing in DM1 and DM2 fibroblasts

(A–C) RT-PCR splicing analysis of common alternate exon events INSR eon11 (A), SYNE1 exon65 (B), and FLNB exon31

(C) in control (black), DM1 (blue), and DM2 (green) fibroblasts untreated (�) or treated with 2 or 4 mM furamidine (see insert

in A for structure). Furamidine rescues INSR exon11 splicing across all the DM1 and DM2 fibroblast lines (A); FLNB exon31

splicing in all DM lines except DM2-B line which does not show significant mis-splicing versus control (B); and SYNE1

exon65 splicing only in DM2 lines (C).

(D) Quantification of fluorescence in situ hybridization (FISH) analysis (D) of CCUG RNA foci in DM2 fibroblasts. DM2

fibroblast untreated (�) or treated with 2 or 4 mM furamidine for a period of 4 days followed by FISH analysis using a Cy3-

(CAGG)6 probe. The average number of RNA foci per nuclei within a given field was calculated and expressed as a relative

value versus untreated cells.

(E) MBNL1 expression relative to GAPDH was determined via RT-qPCR (E) and displays significant increases for both

DM1-B (blue) and DM2-A (green) fibroblasts when expressed as a percentage relative to untreated fibroblast.

(F) MBNL1 protein levels via western blot (F) show an increasing trend in DM1-B (blue) line and a significant increase with

2 mM furamidine treatment in DM2-A (green) fibroblasts relative to GAPDH. All experiments were done in at least trip-

licate using biological replicates (two-tailed t-test * p<0.05, ** p<0.01, *** p <0.001).
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Screening diamidine analogs for mis-splicing rescue in DM1 and DM2 fibroblasts

To investigate the therapeutic potential of a wider range of diamidines across both DM1 and DM2

fibroblasts, we tested the responsiveness of these cells to a set of diamidine analogs with similar structural

features to furamidine. The diamidine analogs used were identified from the literature and have been pre-

viously shown to have chemical properties that may be applicable to modes of rescue in DM models, such

as enhanced GpC-binding affinity, rescue of molecular phenotypes in other GC-rich microsatellite expan-

sion diseases, or the ability to cross the blood–brain barrier (Munde et al., 2007; Simone et al., 2018; Paine

et al., 2010; Thuita et al., 2012; Stephens et al., 2016; Bailly et al., 2001; Hu et al., 2013). The structures of

furamidine and the selected diamidine analogs, as well as more about the chemical characteristics and

their breakdown into three groups, can be found in Figure S11.

To streamline the comparison process, we focused on mis-splicing rescue in the DM1-B and DM2-A lines

relative to CTRL-B, as these lines showed the most robust, reproducible mis-splicing for MBNL-dependent

exons and showed responsiveness to furamidine (Figures 3A–3C). Cells were treated with each diamidine

analog for 4 days, and percent rescue was assessed by RT-PCR for INSR exon11, FLNB exon31, and SYNE1

exon65. Mis-splicing rescue observed at concentrations corresponding to significant decreases in cell

viability below 90% were omitted for all compounds.

The response of the DM fibroblasts to treatment varied across all compounds tested. The first screening

group, DB1242 and DB1210 (structures inset in Figures 4A and 4B), showed variable mis-splicing rescue.

INSR showed strong rescue of�40% in the DM2 cell line, but no rescue in the DM1 line for either compound

(Figures 4A and 4B). Interestingly, robust rescue of over 80% of FLNB with DB1242 treatment was observed

in DM1, but only �35% in DM2 (Figure 4A). With DB1210 treatment, both cell lines showed significant

rescue of FLNB of �35% (Figure 4B). Marginal rescue of SYNE1 (�20%) was observed only at the highest

concentration of DB1242 in DM2 cells, but no significant rescue was observed in DM1 cells (Figure 4A).

Neither cell line showed rescue for SYNE1 with DB1210 treatment (Figure 4B). Both compounds showed

decreases in cell viability in the 32–64 mM range: concentrations outside of the range where splicing rescue

was observed (Figures S12A and S12B).

The second screening group, DB829, DB1246, DB1247, and DB1273 (structures inset in Figures 4C through

4F), showed more consistent rescue of INSR mis-splicing across all four compounds compared to group

one. DB1247 and DB1273 demonstrated strong rescue, upward of �60%–100%, in both cell lines at high

nM to low mM doses (Figures 4E and 4F), displaying higher efficacy over DB829 and DB1246 (Figures 4C

and 4D). Analysis of FLNB showed generally greater mis-splicing rescue in DM1 than DM2 for all group

two compounds (Figures 4C–4F), with DB1273 having the highest rescue of FLNB mis-splicing from

�80%–100% in both lines (Figure 4F). Again, SYNE1 was not rescued in the DM1 cells, and only marginally

rescued in DM2 cells, with all analogs in this group, with the exception of DB1247 which displayed �40%–

50% rescue of SYNE1 in both cell lines (Figure 4E). Thus far, DB1247 was the only compound able to rescue

SYNE1 mis-splicing in the DM1 line. However, dramatic decreases in cell viability were observed at levels

greater than 1 mM for DB1247 and DB1273 (Figures S12E and S12F) and greater than 8 mM for DB1246 (Fig-

ure S12D), which are concentrations close to where maximum mis-splicing rescue was observed for these

compounds. Cell viability was only moderately affected at 64 mM for DB829 (Figure S12C).

The two compounds in the third screening group, DB270 & Compound 7 (structures inset in Figures 4G and

4H), showed slightly different patterns of mis-splicing rescue. DB270 showed�40% rescue of INSR for DM2,

but only�10% rescue for DM1 (Figure 4G). Compound 7, however, displayed amaximumpercent rescue of

�45% for both DM1 and DM2 at 1 mM (Figure 4H). In a trend similar to other groups, rescue of FLNB was

better for DM1 (�60%–70%) than DM2 (�20%–35%) for both compounds, but Compound 7 obtained

higher percent rescue of FLNB in both lines (Figures 4G and 4H) over DB270. SYNE1 showed low levels

of rescue for both compounds in DM2 cells (about �20%). However, Compound 7 also showed �20%

rescue in the DM1 line for SYNE1 (Figure 4H), being the only other compound besides DB1247 to show

rescue of SYNE1 in the DM1 line (Figure 4E). Similar to the first group, effects on cell viability were only

observed at higher mM levels (64 mM), well beyond the range where maximum rescue of splicing was

observed (Figures S12G and S12H).

Taken together, these results demonstrate highly variable responses of the mis-splicing events and cell

lines to the various diamidines. Overall, DB1247 and Compound 7 showed the most consistent mis-splicing
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rescue across all three splicing events (Figures 4E and 4H). DB1247 displayed higher mis-splicing rescue of

the events over Compound 7; however, Compound 7 had significantly lower toxicity and that toxicity

occurred at concentrations far outside of the range where mis-splicing rescue was observed. In order to

facilitate a quantitative and rapid comparison of the compounds screened that considers the different

A

C

E

G

B

D

F

H

Figure 4. Diamidine analogs show variable mis-splicing rescue in DM2 and DM1 fibroblasts

(A–H) RT-PCR splicing analysis of the common alternative exon events INSR exon 11, FLNB exon 31, and SYNE1 exon65 in DM1 (blue) and DM2 (green)

fibroblasts treated for 4 days with either group one compounds, DB1242 (A) and DB1210 (B); group two compounds, DB829 (C), DB1246 (D), DB1247 (E), and

DB1273 (F); and group three compounds, DB270 (G) and Compound 7 (Cmpd7) (H). All compound groups show variable mis-splicing rescue across DM1 and

DM2 fibroblasts. Structures of the diamidine analogs are shown on the top right corner of each graph. All experiments were done in at least triplicate using

biological replicates (two-tailed t-test **p < 0.01, ***p < 0.001).
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mis-splicing events in each cell line, we developed a scoringmatrix to generate a single numerical score for

each diamidine analog. To generate this score, we calculated the following variables for each compound

and each splicing event: (1) the maximum percent rescue or Emax, (2) the concentration required to reach

50% rescue or EC50, and (3) the concentration at which 50% cell viability was reached or IC50. A single value

splicing screen score (S3) was determined by dividing the Emax by EC50 and multiplying this value by the

IC50, then normalizing to the S3 of furamidine allowing for a direct comparison to the overall efficacy

and toxicity of furamidine, our previous lead compound. Averaging the S3 across all three mis-splicing

events (INSR, FLNB, and SYNE1) enabled a determination of the composite S3 for each compound (S3*; Ta-

ble 1). While we have chosen INSR, FLNB, and SYNE1 in this study, any events that are mis-spliced could be

utilized in future screens. Based on the S3* for the eight compounds analyzed, Compound 7 showed the

best score in both DM1 (35.48) and DM2 cell lines (4.46) (Table 1). This scoring matrix, based upon the

selected mis-splicing events, provides an overview of the efficacy of the multiple diamidines screened in

this study and establishes another potential tool to assess small molecules and novel therapeutic ap-

proaches for myotonic dystrophy. Overall, our use of DM1 and DM2 fibroblast cell lines in this small-scale

screen of multiple diamidines with different structural profiles has identified a new lead compound, Com-

pound 7, which has improved efficacy to toxicity profile relative to furamidine. Compound 7 is a potential

candidate for future development and further investigations in additional DM1 and DM2 cell and animal

model systems.

DISCUSSION

Here, we characterized multiple patient-derived DM2 fibroblast lines confirming characteristic molecular

disease features, including RNA foci, RBFOX foci co-localization, and CNBP intron 1 retention. Mis-splicing

in these DM2 fibroblasts displays MBNL-dependent mis-splicing similar in severity to that observed in DM1

Table 1. Variables associated with the splicing screen score (S3) for diamidine analog screen

INSR ex11 FLNB ex31 SYNE1 ex65

IC50 S3*EC50 Emax EC50 Emax EC50 Emax

DM1-B

Furam 3 G 0.4 75 G 7 3 G 0.4 83 G 4 – – 18 G 0.4 1.00

DB1210 – – 25 G 4 25 G 7 – – 88 G 3.6 0.09

DB1242 – – 2 G 1 97 G 9 – – 68 G 4.7 3.18

DB829 27 G 5 41 G 15 2 G 1 89 G 15 – – 73 G 1.1 3.23

DB1246 22 G 4 22 G 9 3 G 2 74 G 13 – – 15 G 0.5 0.42

DB1247 0.6 G 0.1 77 G 12 0.5 G 0.3 70 G 4 1.7 G 1.3 36 G 11 1 G 0.2 0.38

DB1273 0.8 G 0.3 45 G 8 0.1 G 0.1 109 G 3 – – 2 G 0.1 1.64

DB270 186 G 26 13 G 3 1.6 G 1 57 G 13 – – 69 G 1.3 2.46

Cmpd7 0.1 G 0.1 42 G 10 0.4 G 0.3 68 G 5 20 G 2 28 G 11 69 G 0.5 35.48

DM2-A

Furam 2 G 0.6 77 G 10 2 G 0.7 74 G 4 5 G 1 63 G 12 19 G 0.8 1.00

DB1210 23 G 8 38 G 8 24 G 6 34 G 8 – – 93 G 5.1 0.16

DB1242 24 G 5 51 G 6 71 G 14 36 G 6 185 G 2 23 G 16 75 G 6.1 0.12

DB829 10 G 2 74 G 1 22 G 5 53 G 4 129 G 3 25 G 14 74 G 4.8 0.43

DB1246 8 G 3 57 G 7 7 G 3 51 G 1 16 G 2 28 G 13 15 G 0.9 0.15

DB1247 0.9 G 0.5 86 G 11 0.9 G 0.4 49 G 4 0.9 G 1.1 51 G 7 2 G 0.4 0.19

DB1273 0.9 G 0.4 58 G 2 0.2 G 0.3 77 G 4 1.8 G 1.4 34 G 11 2 G 0.3 0.43

DB270 23 G 4 43 G 9 33 G 9 21 G 3 16 G 2 25 G 13 67 G 1.1 0.15

Cmpd7 0.7 G 0.3 48 G 11 0.8 G 1 36 G 7 15 G 2 19 G 14 68 G 2.1 4.46

EC50 = Concentration required to reach 50% rescue; Emax = maximum percent rescue; IC50 = concentration required to reach

50% viability; S3* = Average of [(Emax/EC50) x IC50] normalized to score of furamidine for INSR exon11, FLNB exon31, and

SYNE1 exon65 alternative exon events. DM1-B cell line values under blue column headings and DM2-B cell line values are

under green column headings.Bolded entry indicate compound with the highest S3 score.
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fibroblast lines with multiple events shared between DM1 and DM2. Additionally, we identified events

unique to DM2 fibroblasts, including CPNE1 exon2, MYL6 exon6, SH3YL1.b (exon9), and CD46 exon4.

We then demonstrated that DM2 fibroblasts were responsive to the small molecule furamidine, previously

used to rescue molecular phenotypes in DM1 models (Siboni et al., 2015; Jenquin et al., 2018, 2019). At

4 mM treatment, furamidine showed �50%–95% rescue of INSR exon11, FLNB exon31, and SYNE1

exon65 mis-splicing and reduced ribonuclear foci abundance by �10%–30% in all DM2 fibroblast lines.

Interestingly, however, DM2-specific mis-splicing events were not rescued by furamidine, potentially indi-

cating the need for additional DM2-specific therapeutics that target additional points of regulation in the

DM2 pathogenic cascade. Furthermore, CNBP intron 1 retention was not impacted by furamidine treat-

ment; however, it is not yet clear if intron 1 retention is an appropriate readout for therapeutic efficacy.

We also used these fibroblasts to test a set of diamidine analogs for their ability to rescue mis-splicing

of INSR exon11, FLNB exon31, and SYNE1 exon65 events. To generate a streamlined and quantitative

approach for cross comparison of compounds that rescue mis-splicing, we developed a single value

splicing screen score (S3) to identify the lead candidate compound. Based upon a composite S3 for the

eight compounds screened, Compound 7 showed the best score in both DM1 and DM2 cell lines. Com-

pound 7 has an extended aromatic system with the substitution of bis-benzimidazole amidines for the ami-

dine groups of furamidine, which can result in higher affinity for DNA sequences due to the ability to span a

larger number of bases in the minor groove (Hopkins et al., 1998). In future studies, it will be interesting to

determine the mechanism of action (MOA) and activity of Compound 7 across multiple model systems,

including DM1 myotubes and mouse models and, when available, additional DM2 cell and animal models.

Notably, these data suggest that diamidines can modulate disease phenotypes associated with not only

CUG repeats but also CCUG repeats. While determining the exact MOA for each of these compounds

was outside the scope of this work, in future studies, it will be interesting to determine if any of these com-

pounds work through multiple mechanisms like furamidine. An open question for future studies with these

compounds is how treatment with these compounds could impact MBNL protein localization and potential

role in the MOA. From our previous work, we know that diamidines such as pentamidine and heptamidine

rescue DM1 mis-splicing primarily by affecting the transcription and/or stability of CUG RNA, while furami-

dine may primarily work through inhibition of the MBNL-CUG RNA interaction and upregulation of MBNL1

and 2 proteins. For instance, some compounds may have differential affinity for CUG/CTG versus CCUG/

CCTG repeats and may or may not upregulate MBNL proteins. Explanations for the variability in mis-

splicing rescue across the different events and cell lines by each diamidine could be that their MOAs are

Table 2. Primers used for RT-PCR splicing analysis and CNBP intron 1 retention

Target Forward Primer Reverse Primer

INSR exon11 50- AGGGAGATGCTCTCGGGAAAAGTG 50- GTTGGCTAGAGCCTGTTGGTATTGG

MBNL2 exon7 50- TCCTTTACCAAAGAGACAAGCAC 50- CTCAATGCAGATTCTTGGCATTCC

MYL6 exon6 50- AGGAAGAAGTAGAGATGCTGGTG 50- ATTCACACAGGGAAAGGCAC

SYNE1 exon65 50- GGTCCATGAAAGCAGCAATC 50- ACTGATTGTGTTCTGCAACG

FLNB exon31 50- GCTTCGGTGGTGTTGATATTC 50- GTCACTCACTGGGACATAGG

MYO5A exon32 50- GAACAACCGACAGCAGCAG 50- TTACGGACCGTCTTATCCTG

SH3YL1.b (exon9) 50- CCTCCAAAGCCATTGTCAAG 50- ACTGTGATTCTGTCTCCAGC

CPNE1 exon2 50- TTTGTGAAGCGGCGAAGGAG 50- CGCAGAGTGGGTCAGACTTG

CD46 exon7 50- GGTTTTTACCTCGATGGCAG 50- ATTTGAGACTGGAGGCTTGT

MPHOSPH9 exon4 50- TCAGGGAAGACCAGACCATC 50- CTGCTGGGCAACTATCTGTTC

CNBP i1 30ss (IR primers) 50- GAACTTTCAGTGGTTTAATGCTG 50- CCGCAGTTATAGCAGGCTTC

Table 3. Primers used for RT-qPCR expression analysis

Target Forward Primer Reverse Primer

MBNL1 50- CGCAGTTGGAGATAAATGGACG 50- CACCAGGCATCATGGCATTG

MBNL2 50- CCTGGTGCTCTTCATCCTTTAC 50- GTGAGAGCCTGCTGGTAGTG

GAPDH 50- AATCCCATCACCATCTTCCA 50- TGGACTCCACGACGTACTCA
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different and affect each system uniquely by potentially targeting one, or a combination, of these steps

within the DM disease mechanism. Alternatively, the compounds may have different affinities for their tar-

gets leading to the different efficacies even with the same MOAs.

A major obstacle to understanding the disease biology of DM2 and developing therapeutic approaches

has been the lack of DM2 model systems. To help address this significant need, we characterized

multiple primary patient-derived DM1 and DM2 fibroblast lines, verifying multiple known molecular

disease markers and identifying unique and shared mis-splicing events. We used these fibroblasts to

show partial rescue of molecular features of DM1 and DM2 following treatment with furamidine and

other diamidines. The identification of both shared and unique mis-splicing events for DM1 and DM2,

and a biological resource to test resulting hypotheses on the cause and consequences of these events,

could help to shed light on the molecular landscape of myotonic dystrophy. This same biological

resource also provides a valuable platform for the pre-clinical assessment of therapeutic interventions,

an especially critical resource given the lack of an animal model of DM2. Taken together, this study fills

an important gap that has thus far limited our understanding of DM2 disease biology and therapeutic

approaches applicable to DM2.

Limitation of the study

Variability in clinical and disease presentation is one of the hallmarks of myotonic dystrophy, making it

unlikely that a single cell line or model system can accurately reflect the complex repeat expansion

disease biology. This variability, in addition to the potential compound-specific mechanisms mentioned

above, may also be reflected in the variable mis-splicing and rescue observed herein. Analyzing

multiple molecular hallmarks and mis-splicing events across multiple cell lines provides additional

data to aid in generating a better understanding of this complex disease pathogenesis. Collectively,

these data establish a set of patient-derived DM2 fibroblast lines suitable for molecular studies of

DM2, as well as assessment of therapeutic interventions. While fibroblasts are not the most disease-

relevant cells to study neuromuscular diseases, these lines are easier to obtain, relatively robust, and

easy to adapt for high-throughput therapeutic screens. Fibroblasts could also serve as candidates for

reprogramming in order to generate DM myoblasts and/or iPSCs (Hirai et al., 2018; McGrath et al.,

2018; Tai et al., 2018).
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Alonso, M., Artero, R., and Llamusı́, B. (2017).
Expanded CCUG repeat RNA expression in
Drosophila heart and muscle trigger Myotonic
Dystrophy type 1-like phenotypes and activate
autophagocytosis genes. Sci. Rep. 7, 2843.
https://doi.org/10.1038/s41598-017-02829-3.

Coonrod, L.A., Nakamori, M., Wang, W., Carrell,
S., Hilton, C.L., Bodner, M.J., Siboni, R.B., Docter,
A.G., Haley, M.M., Thornton, C.A., and Berglund,
J.A. (2013). Reducing levels of toxic RNA with
small molecules. ACS Chem. Biol. 8, 2528–2537.
https://doi.org/10.1021/cb400431f.

Day, J.W., and Ranum, L.P. (2005). RNA
pathogenesis of the myotonic dystrophies.
Neuromuscul. Disord. 15, 5–16. https://doi.org/
10.1016/j.nmd.2004.09.012.

ll
OPEN ACCESS

iScience 25, 104198, May 20, 2022 13

iScience
Article

https://doi.org/10.1242/dmm.027367
https://doi.org/10.1038/75556
https://doi.org/10.1021/bi0108453
https://doi.org/10.1016/j.molcel.2014.08.027
https://doi.org/10.1016/j.molcel.2014.08.027
https://doi.org/10.1021/acschembio.9b00958
https://doi.org/10.1021/acschembio.9b00958
https://doi.org/10.1016/j.chembiol.2020.01.003
https://doi.org/10.1016/j.chembiol.2020.01.003
https://doi.org/10.1016/j.brainres.2016.02.050
https://doi.org/10.1016/j.brainres.2016.02.050
http://refhub.elsevier.com/S2589-0042(22)00468-0/sref8
http://refhub.elsevier.com/S2589-0042(22)00468-0/sref8
http://refhub.elsevier.com/S2589-0042(22)00468-0/sref8
http://refhub.elsevier.com/S2589-0042(22)00468-0/sref8
http://refhub.elsevier.com/S2589-0042(22)00468-0/sref8
http://refhub.elsevier.com/S2589-0042(22)00468-0/sref8
http://refhub.elsevier.com/S2589-0042(22)00468-0/sref8
http://refhub.elsevier.com/S2589-0042(22)00468-0/sref8
https://doi.org/10.1038/s41598-017-02829-3
https://doi.org/10.1021/cb400431f
https://doi.org/10.1016/j.nmd.2004.09.012
https://doi.org/10.1016/j.nmd.2004.09.012


Day, J.W., Ricker, K., Jacobsen, J.F., Rasmussen,
L.J., Dick, K.A., Kress, W., Schneider, C., Koch,
M.C., Beilman, G.J., Harrison, A.R., et al. (2003).
Myotonic dystrophy type 2: molecular, diagnostic
and clinical spectrum. Neurology 60, 657–664.

Dixon, D.M., Choi, J., El-Ghazali, A., Park, S.Y.,
Roos, K.P., Jordan, M.C., Fishbein, M.C., Comai,
L., and Reddy, S. (2015). Loss of muscleblind-like 1
results in cardiac pathology and persistence of
embryonic splice isoforms. Sci. Rep. 5, 9042.
https://doi.org/10.1038/srep09042.

Du, H., Cline, M.S., Osborne, R.J., Tuttle, D.L.,
Clark, T.A., Donohue, J.P., Hall, M.P., Shiue, L.,
Swanson, M.S., Thornton, C.A., and Ares, M.
(2010). Aberrant alternative splicing and
extracellular matrix gene expression in mouse
models of myotonic dystrophy. Nat. Struct. Mol.
Biol. 17, 187–193. https://doi.org/10.1038/nsmb.
1720.

Fardaei, M., Rogers, M.T., Thorpe, H.M., Larkin,
K., Hamshere, M.G., Harper, P.S., and Brook, J.D.
(2002). Three proteins, MBNL, MBLL and MBXL,
co-localize in vivo with nuclear foci of expanded-
repeat transcripts in DM1 and DM2 cells. Hum.
Mol. Genet. 11, 805–814.

Fu, Y.H., Pizzuti, A., Fenwick, R.G., Jr., King, J.,
Rajnarayan, S., Dunne, P.W., Dubel, J., Nasser,
G.A., Ashizawa, T., De Jong, P., et al. (1992). An
unstable triplet repeat in a gene related to
myotonic muscular dystrophy. Science 255, 1256–
1258.

Gene Ontology Consortium (2021). The Gene
Ontology resource: enriching a GOld mine.
Nucleic Acids Res. 49, D325–D334. https://doi.
org/10.1093/nar/gkaa1113.

Harley, H.G., Brook, J.D., Rundle, S.A., Crow, S.,
Reardon, W., Buckler, A.J., Harper, P.S.,
Housman, D.E., and Shaw, D.J. (1992). Expansion
of an unstable DNA region and phenotypic
variation in myotonic dystrophy. Nature 355,
545–546. https://doi.org/10.1038/355545a0.

Harper, P.S. (2001). Myotonic Dystrophy (W.B.
Saunders Company).

Hirai, H., Yang, B., Garcia-Barrio, M.T., Rom, O.,
Ma, P.X., Zhang, J., and Chen, Y.E. (2018). Direct
reprogramming of fibroblasts into smooth
muscle-like cells with defined transcription
factors-brief report. Arterioscler. Thromb. Vasc.
Biol. 38, 2191–2197. https://doi.org/10.1161/
atvbaha.118.310870.

Hopkins, K.T., Wilson, W.D., Bender, B.C.,
Mccurdy, D.R., Hall, J.E., Tidwell, R.R., Kumar, A.,
Bajic, M., and Boykin, D.W. (1998). Extended
aromatic furan amidino derivatives as anti-
Pneumocystis carinii agents. J. Med. Chem. 41,
3872–3878. https://doi.org/10.1021/jm980230c.

Hu, L., Patel, A., Bondada, L., Yang, S., Wang,
M.Z., Munde, M., Wilson, W.D., Wenzler, T., Brun,
R., and Boykin, D.W. (2013). Synthesis and
antiprotozoal activity of dicationic 2,6-
diphenylpyrazines and aza-analogues. Bioorg.
Med. Chem. 21, 6732–6741. https://doi.org/10.
1016/j.bmc.2013.08.006.

Jenquin, J.R., Coonrod, L.A., Silverglate, Q.A.,
Pellitier, N.A., Hale, M.A., Xia, G., Nakamori, M.,
and Berglund, J.A. (2018). Furamidine rescues
myotonic dystrophy type I associated mis-
splicing through multiple mechanisms. ACS

Chem. Biol. 13, 2708–2718. https://doi.org/10.
1021/acschembio.8b00646.

Jenquin, J.R., Yang, H., Huigens, R.W., Iii,
Nakamori, M., and Berglund, J.A. (2019).
Combination treatment of Erythromycin and
furamidine provides additive and synergistic
rescue of mis-splicing in myotonic dystrophy type
1 models. ACS Pharmacol. Transl. Sci. 2, 247–263.
https://doi.org/10.1021/acsptsci.9b00020.

Kanadia, R.N., Johnstone, K.A., Mankodi, A.,
Lungu, C., Thornton, C.A., Esson, D., Timmers,
A.M., Hauswirth, W.W., and Swanson, M.S. (2003).
A muscleblind knockout model for myotonic
dystrophy. Science 302, 1978–1980. https://doi.
org/10.1126/science.1088583.

Kuyumcu-Martinez, N.M., Wang, G.S., and
Cooper, T.A. (2007). Increased steady-state levels
of CUGBP1 in myotonic dystrophy 1 are due to
PKC-mediated hyperphosphorylation. Mol. Cell
28, 68–78. https://doi.org/10.1016/j.molcel.2007.
07.027.

Lee, K.Y., Li, M., Manchanda, M., Batra, R.,
Charizanis, K., Mohan, A., Warren, S.A.,
Chamberlain, C.M., Finn, D., Hong, H., et al.
(2013). Compound loss of muscleblind-like
function in myotonic dystrophy. EMBOMol. Med.
5, 1887–1900. https://doi.org/10.1002/emmm.
201303275.

Liquori, C.L., Ricker, K., Moseley, M.L., Jacobsen,
J.F., Kress, W., Naylor, S.L., Day, J.W., and
Ranum, L.P. (2001). Myotonic dystrophy type 2
caused by a CCTG expansion in intron 1 of ZNF9.
Science 293, 864–867. https://doi.org/10.1126/
science.1062125.

Mahadevan, M., Tsilfidis, C., Sabourin, L., Shutler,
G., Amemiya, C., Jansen, G., Neville, C., Narang,
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KEY RESOURCES TABLE

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, J. Andrew Berglund (abergluund@albany.edu).

Materials availability

� This study did not generate any new or unique reagents or materials.

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse monoclonal anti-MBNL1 Wolfson Centre for Inherited

Neuromuscular Disease

MB1a; RRID:AB_2618248

Rabbit monoclonal anti-GAPDH Abcam Cat# ab181602; RRID:AB_2630358

Rabbit polyclonal anti-RBFOX2 Sigma Aldrich Cat# HPA006240; RRID:AB_1079750

Deposited data

Raw and analyzed data This paper SRA: PRJNA795461

Experimental models: Cell lines

Human: Non-disease fibroblasts Laboratory of Laura Ranum CNTRL-A

Human: Non-disease fibroblasts Laboratory of Laura Ranum CNTRL-B

Human: DM1 fibroblasts Laboratory of Laura Ranum DM1-A

Human: DM1 fibroblasts Laboratory of Laura Ranum DM1-B

Human: DM2 fibroblasts Laboratory of Laura Ranum DM2-A

Human: DM2 fibroblasts Laboratory of Laura Ranum DM2-B

Human: DM2 fibroblasts Laboratory of Laura Ranum DM2-C

Human: DM2 fibroblasts Laboratory of Laura Ranum DM2-D

Oligonucleotides

DsiRNA targeting sequence: MBNL1 IDT hs.Ri.MBNL1.13.1

Negative Scramble DsiRNA control IDT Cat# 51-01-19-09

FISH CTG repeat probe:

Cy3-CAGCAGCAGCAGCAGCAGCAGCAG

IDT N/A

FISH CCTG repeat probe:

Cy3-CAGGCAGGCAGGCAGGCAGGCAGG

IDT N/A

All qPCR primer sequences listed in

Table 1 in Method details

IDT N/A

All splicing primers sequences listed in

Table 2 in Method details

IDT N/A

Software and algorithms

Prism 7 GraphPad https://www.graphpad.com/

scientific-software/prism/

STAR https://doi.org/10.1093/bioinformatics/bts635 version 2.5.1b

rMATS https://doi.org/10.1073/pnas.1419161111 version 3.2.5

GeneOntology Tools https://doi.org/10.1038/75556 and

https://doi.org/10.1093/nar/gkaa1113

Various

ll
OPEN ACCESS

16 iScience 25, 104198, May 20, 2022

iScience
Article

mailto:abergluund@albany.edu
https://www.graphpad.com/scientific-software/prism/
https://www.graphpad.com/scientific-software/prism/
https://doi.org/10.1093/bioinformatics/bts635
https://doi.org/10.1073/pnas.1419161111
https://doi.org/10.1038/75556
https://doi.org/10.1093/nar/gkaa1113


� Distribution of non-disease, DM1, and DM2 patient-derived fibroblast cell lines used in this study

require a Materials Transfer Agreement (MTA) with the University of Florida Center for

NeuroGenetics and inquiries should be addressed to Dr. Laura Ranum (ranum@ufl.edu).

Data and code availability

d RNA-seq data generated from non-disease, DM1, and DM2 fibroblasts for this study have been depos-

ited in the Sequence Read Archive (SRA). Accession numbers are listed in the Key resources table. Orig-

inal western blot images and microscopy data reported in this paper will be shared by the lead contact

upon request.

d All original code will be shared by the lead contact upon request.

d Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Primary human cell lines

All lines were cultured in DMEM growth medium supplemented with 15% (v/v) FBS and 1% Pen-Strep at

37�C and 5% CO2. No cell aunthentification was performed. Cells were assessed for relevant disease

biomarkers and phenotypes.

� CNTRL-A: Female Non-disease control fibroblast line.

� CNTRL-B: Male Non-disease control fibroblast line.

� DM1-A: Male DM1 disease fibroblast line.

� DM1-B: Female DM1 disease fibroblast line.

� DM2-A: Male DM2 disease fibroblast line.

� DM2-B: Male DM2 disease fibroblast line.

� DM2-C: Male DM2 disease fibroblast line.

� DM2-D: Female DM2 disease fibroblast line.

METHOD DETAILS

Culturing of fibroblasts

Primary patient and control fibroblast cell lines were derived from skin punches under a University of Flor-

ida-approved IRB protocol with informed consent from all subjects. Approximately 13 105 fibroblasts were

plated in 12-well plates in DMEM growth medium supplemented with 15% (v/v) FBS and 1% Pen-Strep.

Cells were allowed to reach >90% confluency and then treated by adding the indicated concentrations

of drug. Fibroblasts were in a quiescent state at the time of harvest after 4 days of drug treatment.

RT-PCR analysis for splicing or intron retention

RNA was isolated using an AurumTM Total RNA mini kit (Bio-Rad) according to package insert with on-col-

umn DNase1 treatment. RNA concentrations were determined using a NanoDrop (Thermo) and reverse

transcribed with SuperScript VI with random hexamer primers (IDT). The cDNA was then subjected to po-

lymerase chain reaction for 32 cycles using the primer sets listed in Table 2. Resulting PCR products were

run via capillary electrophoresis on Fragment Analyzer using the 1-500 bp DNF-905 kit (Agilent) for splicing

or on a 1% agarose gel dyed with Gel Green for intron retention assay. Quantification for splicing was done

using the integration values of the electropherogram peaks corresponding to inclusion and exclusion

products from the Prosize 2.0 software (Agilent), while image J was used to determine band intensities

for intron retention assay. To determine the % rescue of a given ES event, Equation 1 was used, where

DM_PSI = PSI of untreated DM fibroblasts, WT_PSI = PSI of control fibroblasts, and drug_PSI = PSI of

DM fibroblasts treated with indicated drug.

% rescue = ½ðDM_PSI � drug_PSIÞ = ðDM_PSI � WT_PSIÞ� � 100 (Equation 1)
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RT-qPCR for expression analysis

Quantitative real-time PCR was performed using SsoAdvanced Universal SYBR Green Supermix (Bio-Rad)

according to the package insert. Samples were run on a CFX96 Touch Real-Time PCR Detection System

(Bio-Rad) and analyzed using the Quantitative-Comparative (CT) method. The levels of MBNL1 and

MBNL2 mRNA in DM fibroblasts were normalized to GAPDH mRNA and displayed graphically as relative

mRNA levels setting the untreated mRNA levels to 1. Primer sets used are shown in Table 3.

Fluorescence in situ hybridization with immunofluorescence

Fibroblasts were fixed with 4% w/v PFA, permeabilized using 1% Triton X-100 in DPBS for 20 min at RT,

blocked with Background Sniper (Biocare Medical), incubated with rabbit anti-RBFOX2 primary antibody

at 1:500 (Sigma Aldrich) overnight at 4�C, and then incubated with 1:1000 goat anti-rabbit AlexaFluor

647 (Thermo) for 1 hr at RT. Fibroblasts samples were re-fixed, washed in DPBS, pre-hybridized for

30 min at 37�C, and then probed for 4 hrs at 50�C with a Cy3-(CAG)8 DM1 or Cy3-(CAGG)6 DM2 probe

(IDT). Slides were washed with 42�C pre-warmed 40% v/v formamide in 2X SSC and mounted using

ProLong Diamond Antifade mountant with DAPI (Life Technologies). Fibroblasts were imaged on a Zeiss

LSM 840 confocal scanning microscope with a 40X water objective. All images were taken at the same laser

intensities and settings. In DM2 fibroblasts, the foci were counted blind in at least 100 nuclei per replicate

(at least 300 nuclei over three replicates) for all furamidine treatments. The number of nuclear foci for each

cell was quantified using Fiji.

RNAi knockdown

Approximately 1 3 104 fibroblasts were plated in 12-well plates in DMEM growth medium supplemented

with 15% (v/v) FBS and 1% Pen-Strep. The next day the media was refreshed and cells were transfected with

20nM of either a scramble control or MBNL1 siRNA (hs.Ri.MBNL1.13.1 DsiRNA from IDT) using RNAi-MAX

(Thermo) according to the package insert. Cells were harvested 48 hours later and RNAwas extracted using

an AurumTM Total RNA mini kit (Bio-Rad) according to package insert with on-column DNase1 treatment.

RNA concentrations were determined using a NanoDrop (Thermo) and reverse transcribed with

SuperScript VI with random hexamer primers (IDT) for later use in RT-PCR splicing or RT-qPCR expression

assays.

Western blot analysis

Protein was extracted by vortexing for 15 min at 4�C in RIPA buffer (Thermo Scientific) supplemented with

complete EDTA-free Protease Inhibitor Cocktail (Roche). After centrifugation at 21,000 rcf for 15min at 4�C,
the supernatant was used to determine protein concentration with the Pierce BCA Protein Assay kit

(Thermo). A total of 18 mg of protein was denatured for 5 min in 1X reducing Laemmli SDS sample buffer

(Alfa Aesar) at 98�C and separated on a pre-cast 4-12% Bis-Tris gel (Bio-Rad) in 1X NuPAGE MES SDS

running buffer (Invitrogen). The gel was transferred onto low fluorescence PVDF membrane (Millipore) in

1X NuPAGE transfer buffer (Invitrogen) and the membrane was blocked for 1 hr using SeaBlock (Thermo)

and incubated overnight with primary antibodies [1:400 MBNL1 (MB1a, Wolfson Centre for Inherited

Neuromuscular Disease), 1:5000 GAPDH (ab181602, abcam)] in SeaBlock. Blots were washed for

3 3 5minutes in 1X TBS-T and incubated at RT for 1 hr with secondary antibodies [1:7500 Goat anti-Mouse

IRDye @680 (Li-Cor), 1:7500 Goat anti-Rabbit IRDye @800 (Li-Cor)] in SeaBlock, washed in 1X TBS-T for

3 3 5minutes, and imaged on a ChemiDoc MP Imaging System (Bio-Rad). Blots were analyzed using

ImageJ. The relative levels of MBNL1 were calculated by normalizing lanes within the same gel to

GAPDH and then by normalizing levels of MBNL1 in the untreated cells to 1.

High molecular weight DNA extraction and labeling

Cultured fibroblasts were embedded in agarose plugs and incubated with lysis buffer and Proteinase K at

50�C overnight. RNase A was added and incubated for 1 hour at 37�C. Agarose was digested with agarase

and the purified DNA was subjected to drop dialysis for 4 hours and quantified by qubit BR DNA assay

(Thermo). Purified DNA was labeled using the Direct Label Enzyme (DLE) method (Bionano Genomics).

A total of 750ng of DNA was labeled using the DLE-1 kit following the manufacturer’s instructions and

then treated with proteinase K. The DNA was stained with YOYO-1 according the DLE-1 kit instructions

and homogenized by HulaMixer. The stained sample was incubated overnight at room temperature.
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Genome map assembly for repeat expansion sizing

Labeled and stained DNA was loaded onto the Bionano Genomics Saphyr chip. DNA was loaded and

linearized in the nanochannel array by electrophoresis. Strands were imaged and the backbone and labels

detected by Bionano image detection software. Single-molecule maps were assembled into consensus

maps. Consensus maps were refined and merged based on overlapping segments. The final consensus

maps were aligned to the GRCh38 human reference genome. Repeat expansion in the CNBP gene were

identified by distances between flanking labels in the single-molecule maps aligned to the region.

RNA-seq library preparation

RNA quality was checked via capillary electrophoresis on Fragment Analyzer using the RNA Analysis DNF-

471 kit (Advanced Analytical). The NEBNext Ultra II Directional RNA Library Prep Kit for Illumina with

NEBNext rRNA Depletion Kit was used to prepare RNA-seq libraries, with a total of 500 ng input RNA

from each sample. Themanufacturer’s protocols were followed, with the following exceptions: 40X adaptor

dilutions used, all bead incubations done at room temp, used 4X lower concentrations of index primers,

and ten cycles of library amplification were performed. The resulting libraries were pooled in equimolar

amounts, quantified using the KAPA Library Quant Kit for Illumina, quality checked via capillary electropho-

resis on Fragment Analyzer using the NGS Analysis DNF-474 kit (Advanced Analytical), and were

sequenced using paired-end, 75 base pair sequencing on the Illumina NextSeq 500 massively parallel

sequencer at the University of Florida Center for NeuroGenetics.

RNA-seq data analysis

For splicing, at least 50 million paired-end reads per sample were checked for quality and aligned to

GRCh38.p10 human genome using STAR (version 2.5.1b). After reads were aligned, rMATS (version

3.2.5) (Shen et al., 2014) was used to analyze isoform abundances. ES events were considered significant

with an FDR<0.1, p<0.01, and at least 25 reads spanning the exon junctions. Events were considered

mis-spliced in the Control vs DM1/DM2 fibroblast data sets if the PSI change was R10% for a given ES

event. Of those events, a percent rescue ofR10% were considered ‘rescue’ with drug treatment. To deter-

mine the % rescue of a given ES event, Equation 1 was used as described in RT-PCR analysis for splicing or

intron retention. Three biological replicates were sequenced for each sample. Gene ontology was per-

formed on the gene level using the tools available at GeneOntology (Ashburner et al., 2000; Gene

Ontology Consortium, 2021). The list of genes for this analysis was generated from those genes that

showed exons that were significantly mis-spliced in the DM1 and DM2 RNA-seq datasets (see Table S3).

QUANTIFICATION AND STATISTICAL ANALYSIS

Data are expressed as mean G standard deviation. All data shown are the summary of three or more bio-

logical replicates and statistical analyses were completed in Prism 7. For data sets where treatments were

compared individually to a control, two-tailed student’s t-test was used to determine statistical significance

and associated p-value. When multiple groups were compared to each other ANOVA two-tailed statistical

measurements were used. Statistical values used: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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