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Abstract

Myotonic dystrophy type 1 (DM1) is an autosomal dominant, CTG*CAG microsatellite expansion
disease. Expanded CUG repeat RNA sequester the muscleblind-like (MBNL) family of RNA-
binding proteins, thereby disrupting their normal cellular function leading to global mis-regulation
of RNA processing. Previously, the small molecule furamidine was shown to reduce CUG foci and
rescue mis-splicing in a DM1 HeLa cell model and rescue mis-splicing in the HSALR DM1 mouse
model, but furamidine’s mechanism of action was not explored. Here we use a combination of
biochemical, cell toxicity and genomic studies in DM1 patient-derived myotubes and the HSALR
DM1 mouse model to investigate furamidine’s mechanism of action. Mis-splicing rescue was
observed in DM1 myotubes and the HSALR DM1 mouse with furamidine treatment. Interestingly,
while furamidine was found to bind CTG*CAG repeat DNA with nanomolar affinity, a reduction
in expanded CUG repeat transcript levels was observed in the HSALR DM1 mouse, but not DM1
patient-derived myotubes. Further investigation in these cells revealed that furamidine treatment at
nanomolar concentrations led to up-regulation of MBNL1 and MBNL2 protein levels and a
reduction of ribonuclear foci. Additionally, furamidine was shown to bind CUG RNA with
nanomolar affinity and disrupted the MBNL1-CUG RNA complex in vitro at micromolar
concentrations. Furamidine’s likely promiscuous interactions /n vitroand in vivo appear to affect
multiple pathways in the DM1 mechanism to rescue mis-splicing, yet surprisingly furamidine was
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shown globally to rescue many mis-splicing events with only modest off-target effects on gene
expression in the HSALR DM1 mouse model. Importantly, over 20% of the differentially
expressed genes were shown to be returned, to varying degrees, to wild type expression levels.

INTRODUCTION

Myotonic dystrophy type 1 (DM1) is a neuromuscular disorder caused by an unstable
CTG+CAG expansion in the 3’ untranslated region (UTR) of the dystrophia myotonica
protein kinase (DMPK) genel. DM1 is an RNA gain-of-function disease, in which
transcription of the expanded CTG repeats produces long tracts of CUG RNA that sequester
the muscleblind-like (MBNL) family of RNA-binding proteins into nuclear foci, thereby
disrupting their normal cellular function#. The DM1 repeats have also been shown to
undergo bidirectional transcription and repeat-associated non-ATG (RAN) translation, which
may have a role in disease pathogenesis® 6. Members of the MBNL family regulate the
alternative splicing of hundreds of tissue-specific transcripts and have been implicated in
RNA localization and other RNA processing events’-2. DM1 patients exhibit a wide range of
symptoms including myotonia, muscle weakness and wasting, cataracts, gastrointestinal
issues and cognitive disabilities'®. Many events that are misspliced in DM1 correspond
directly with, or are linked to, disease symptoms. For example, mis-splicing of the insulin
receptor (/NSR), cardiac troponin T (7AMNT2), and muscle-specific chloride channel
(CLCN1I) correspond to insulin insensitivity, cardiac defects, and myotonia,
respectivelyl1-13,

There are many potential molecular targets to consider in the development of therapeutics
for DM1. These targets include genome editing to eliminate the expanded CTG repeatsl4 15,
inhibiting transcription from the CTG repeats®-18, degrading the CUG repeat RNA19-22,
disrupting the MBNL-CUG RNA interaction?3-26, increasing MBNL levels2’: 28 and
targeting downstream events such as single mis-spliced events2?, among others. Much of the
field has focused on targeting the toxic expanded CUG RNA. This can be achieved by
degrading the RNA through the use of antisense oligonucleotides (ASOs), siRNAs and small
molecules or by disrupting the MBNL-CUG RNA interaction with small molecules,
peptides, or ASOs 19-23. 26. 30 \\e have focused on the strategy of reducing or eliminating
transcription from the expanded CTG repeats, rather than targeting the RNA itself, due to
the potential of ameliorating all downstream effects of the toxic RNA.

We previously found that the small molecule pentamidine, and its analog, heptamidine
(Figure 1a), were able to rescue mis-spliced events and reduce CUG RNA levels in both cell
and mouse models of DM1, albeit at relatively toxic concentrations!®. To identify small
molecules with increased specificity and decreased toxicity, we previously synthesized
analogues of pentamidine that contained various substitutions to alter size, hydrophobicity,
and the number of hydrogen bond donors31. From this study, we identified the analog
furamidine (Figure 1b), which was shown to rescue mis-splicing of the /NSRand TNNTZ2
minigene events, reduce ribonuclear foci in a DM1 HeLa cell model, as well as rescue the
Atp2al exon22and Clenl exon7amis-splicing events in the HSALR DM1 mouse model
with reduced toxicity compared to both pentamidine and heptamidine3®. These previous
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findings motivated us to determine the mechanism of action by which furamidine rescues
DML1 associated mis-splicing.

Furamidine is an analog of pentamidine with activity against 7rypanosoma sp.,
Pneumocystis carinii, and Cryptosporidium parvum infections32-34, The mechanism of
antimicrobial action of furamidine has not been elucidated; however, studies have shown that
the primary mode of DNA binding for furamidine is at AT-rich sites of the minor groove3®
and that it localizes to the nucleus when it enters cells36: 37, Therefore, it is proposed that
furamidine and similar compounds work by binding the minor groove of DNA and inhibit
DNA-dependent enzymes/regulatory factors or inhibit transcription or replication

directly38: 39, Furamidine is also hypothesized to form non-canonical intercalation
interactions at GpC dinucleotides at higher concentrations#0. Further, it has been shown to
bind A-form polyA-polyU dsRNA*L, as well as displace the HIV-1 protein Rev from the Rev
Response Element (RRE) RNA structure in the HIV-1 genome by binding the RRE in a
structure dependent manner#2. The promiscuous binding of furamidine to various nucleic
acids suggests it could function to rescue DM1-associated mis-splicing through multiple
mechanisms.

To determine the mechanism(s) of action of furamidine and its level of specificity in
rescuing mis-splicing, furamidine was studied in two different DM1 models. In the HSALR
DM1 mouse model treated with furamidine, RNA-seq and RT-qPCR were used to assess
furamidine’s activity on gene expression and splicing compared to that of HSALR mice
treated with heptamidine. Furamidine and heptamidine rescued many mis-splicing events,
but furamidine caused markedly fewer off-target splicing and gene expression changes. In
DM1 patient-derived myotubes, furamidine rescued mis-splicing in the nanomolar (nM)
concentration range with no toxicity compared to heptamidine. Isothermal calorimetry (ITC)
showed that furamidine binds CTG*CAG DNA repeats at nM concentrations, consistent with
furamidine inhibiting transcription of expanded CUG repeats. In the HSALR mice, CUG
repeat levels were reduced as expected, but the expanded CUG repeats were not significantly
reduced in the DM1 myotubes with furamidine treatment. This surprising result motivated
additional studies on furamidine’s mechanism of action in this cell line. We found
furamidine treatment in DM1 myotubes reduced CUG ribonuclear foci and up-regulated
MBNL1 and MBNL2 protein levels. In an /n vitro gel mobility assay, furamidine displaced
MBNL proteins from CUG RNA in the micromolar (M) range and was shown to bind CUG
RNA in the nM range via ITC. These results indicate that furamidine can affect multiple
pathways of DM1 pathogenesis, suggesting that furamidine works through multiple
mechanisms to rescue DM1-associated mis-splicing events.

RESULTS AND DISCUSSION

Furamidine reduced HSA transgene levels in the HSALR DM1 mouse model.

Previously, pentamidine and heptamidine were shown to rescue a few select mis-spliced
events in the HSALR DM1 mouse model expressing approximately 220 CUG repeats in the
3’ UTR of human skeletal actin (H4SA) trangenel6: 43, This rescue of mis-splicing was likely
due to the ability of pentamidine and heptamidine to reduce the transcript levels of the HSA
transgene containing the CUG repeat RNA®. Furamidine was shown to rescue two mis-
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spliced events in the HSALR DM1 mouse, Afp2al and Cleni3t, at 20 mg kg™ daily for 7
days. Here, we treated HSALR mice with either 5% glucose in PBS (control) or 30 mg kg1
furamidine daily for 7 days with the goal of achieving increased mis-splicing rescue with the
higher dose. HSALR mice were also treated with 30 mg kg~ heptamidine. We performed
RT-PCR analysis on RNA samples from quadriceps muscle to confirm mis-splicing rescue
of ApZal exon22and Clcnl exonzawith furamidine treatment. In agreement with our
previous data, furamidine rescued the mis-splicing of Afp2aland Clcni, yielding percent
rescues of 69 + 11% and 84 + 13%, respectively (p<0.01, purple points, Figure 2a and 2b).
We previously observed percent rescues of 76 + 6% and 82 + 9% for AfpZaland Clcnl,
respectively, with 20 mg kg1 furamidine3?, indicating that the 30 mg kg™ treatment did not
yield increased mis-splicing rescue as intended. With 30 mg kg1 heptamidine treatment, we
observed percent rescues of 63 10% and 106 1% for AfpZaland Clcni, respectively,
(p<0.01, green points, Figure 2a and 2b) consistent with our previous data®3.

We performed RT-qPCR analysis to assess HSA transgene levels with furamidine treatment
and found that furamidine reduced transgene levels to 62 + 11% of HSALR control (p<0.01,
purple bar, Figure 2c), but did not reduce endogenous Dmpk transcripts (purple bar, Figure
2d). Heptamidine treatment dramatically lowered both HSA transgene and Dmpk levels to
12 + 11% and 24 + 5% of control, respectively (p<0.001, green bar, Figure 2c and 2d).
These results imply that, similar to other diamidines!®, a primary mode of action of
furamidine is inhibiting transcription from the CTG*CAG-containing transgene in the
HSALR mouse model. Further, furamidine appears to have a higher specificity for reducing
HSA transgene levels compared to heptamidine.

As furamidine is thought to be primarily an AT-rich DNA minor groove binder#4, we
performed ITC experiments to determine if furamidine could bind CTGCAG repeat DNA.
Furamidine did bind the CTG palindromic sequence d(CTGCTGCAGCAG) (inset bottom
right, Figure 2e) with a Kp of 485 + 73 nM. A representative ITC binding curve is shown in
Figure 2e with the raw heats of reaction versus time inset in the upper left corner. We
compared the binding of furamidine to the CTG palindrome with that of an AT-rich DNA
palindromic sequence, d(CGAAAATTTTCG) (inset bottom right, Figure S1). We observed
curves indicative of two site binding for ITC experiments with furamidine and the AT-rich
palindrome (Figure S1), consistent with previously published data using a similar
sequence®®. Interestingly, the Kp for furamidine binding of the CTG palindrome was similar
to that of furamidine binding to the lower affinity site of the AT-rich palindrome at 543 + 16
nM. These data are consistent with the model that furamidine binds the expanded CTG*CAG
repeats and inhibits transcription of toxic CUG repeat RNA in the HSALR mouse model.

Furamidine treatment partially rescued mis-splicing with little to no toxicity in DM1 patient-
derived myotubes.

We next determined if furamidine rescued mis-splicing in DM1 patient-derived cell lines.
We used two previously characterized myoblast lines, DM-04, a line derived from a non-DM
individual, and DM-05, a DM1 patient-derived line expressing approximately 2900 CUG
repeats*®. The myoblasts were differentiated to myotubes over a 7-day period. A
concentration range of 0.1 — 40 M furamidine treatment was started on day three of
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differentiation and continued through day seven for a total of four days of treatment.
Concentrations of 8 4M and above caused cell death and resulted in mis-splicing
exacerbation and knockdown of MBNL1 and MBNL2 transcripts and proteins
(supplemental information shows this data and is described below). The concentration range
was narrowed to 0.1 — 4 M to assess the mechanism of action of furamidine where mis-
splicing rescue was observed. Toxicity data associated with the full 0.1 — 40 xM
concentration range can be found in the supplementary information (Figure S2). To assess
the effect of furamidine treatment on endogenous splicing events, RT-PCR analysis was
performed for the exon-skipping (ES) events MBNL 1 exon5, MBNLZ2 exon5, NUMA1
exon2, and SYNEI exonl37, as these events showed consistent differential splicing between
the non-DM1 control and DML lines.

The splicing analyses for the concentration range of 0.1 — 4 1M furamidine treatments are
shown in Figure 3. The percent rescue was calculated for each treatment, where percent
rescue is the difference in exon inclusion levels, or percent spliced in (PSI), between the
untreated and treated DM1 myotubes divided by the difference between the non-DM
myotubes and untreated DM1 myotubes multiplied by 100. For MBNL1 and NUMA1
events, maximum rescue was observed at 1 /M, with percent rescues of 30 + 3% and 22

+ 6%, respectively (p<0.001, Figure 3a and 3c), while MBNLZand SYNEI showed
maximum rescue at 0.5 M, with percent rescues of 47 + 4% and 63 + 9%, respectively
(p<0.001, Figure 3b and 3d). The same general trend of rescue was observed for all events
between 0.1 and 4 ¢M (p<0.01 or better, except NUMAL was not statistically significant
(NS) at 4 M). Interestingly, heptamidine treatment in the DM1 patient-derived myotubes
did not display mis-splicing rescue until 8 M or above (Figure S3), which shows that
furamidine has better activity for mis-splicing rescue in the DM1 myotubes. Further,
furamidine treatment did not affect the inclusion levels of MBNL1 exon5, MBNLZ2 exonb,
NUMA1 exonZ2, and SYNE1 exonl37in non-DM myotubes (Figure S4). We also
determined if furamidine treatment affected the alternative splicing of four other endogenous
pre-mRNAs that had previously been shown to be un-changed by expression of CUG
repeats?®. None of the four alternatively spliced exons tested were affected at any
concentration of furamidine (Figure S5). These results suggest that furamidine does not
globally affect alternative splicing in DM1 myotubes, but only a subset of pre-mRNAs that
are mis-regulated in DML1.

Next, we used an absorbance-based assay that measures the reducing power of living cells to
measure cell toxicity. Importantly, between 0.1 and 4 M treatment, furamidine displayed no
cell toxicity in DM1 myotubes (Figure 4, purple bars). The same trends in toxicity held true
with furamidine treatment in non-DM1 myotubes (Figure S6, purple bars). Heptamidine
treatment caused cell toxicity by 0.5 /M in DM1 myotubes (p<0.001, Figure 4, green bars)
and in non-DM myotubes (p<0.001, Figure S6, green bars). These results indicate that the
presence of the expanded CUG repeats does not alter the toxicity of either of these
compounds.
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Furamidine modestly affected CUG RNA levels in DM1 patient-derived myotubes.

Both heptamidine and pentamidine have previously been shown to reduce the levels of CUG
repeat RNA in DM1 cell and mouse models!®. We performed northern blot analysis in the
DM1 myotubes to determine if furamidine, like other diamidines, would reduce CUG repeat
RNA levels. Surprisingly, while there does appear to be a modest decrease in CUG RNA
levels between 0.1 and 0.75 &M furamidine treatment, the change was not statistically
significant compared to that of CUG RNA levels of untreated DM1 myotubes (Figure 5).
The same general trend was observed with RT-qPCR to evaluate DMPK expression levels
(Figure S7). Therefore, in the concentration range where mis-splicing rescue was observed,
furamidine did not significantly reduce the levels of the expanded CUG repeats.

Furamidine treatment clearly reduced the expression of the CUG repeats in the HSALR
mouse; however, it is puzzling that it did not reduce CUG RNA levels in the DM1 myotubes.
We were concerned that this could be a transgene specific effect, meaning furamidine
specifically knocks down the human ACTAI gene. To investigate this possibility, we
checked the homology of the mouse Actal gene versus the human ACTAI gene and
determined if its expression changed in the HSALR mice treated with furamidine. The mouse
Actal gene has 84% sequence identity with the human ACTAI. Actal showed no significant
expression changes with furamidine treatment based on our RNA-seq data in the HSALR
mice (purple bar, Figure S8), however Actal levels were significantly reduced with
heptamidine treatment to 44 + 3% of control (p<0.001, green bar, Figure S8). Further, we
used RT-qPCR to assess ACTAI levels in the DM1 myotubes treated with furamidine
(Figure S9). In the concentration range where mis-splicing rescue was observed in the DM1
myotubes, ACTAI gene expression was slightly elevated (p<0.5 or better for all
concentrations except NS for 2 and 4 1M). Although indirect, these data suggest that
furamidine did not specifically reduce the human actin gene, but rather shows a degree of
specificity for the CTG*CAG-containing HSA transgene.

Furamidine significantly reduced ribonuclear foci abundance in DM1 patient-derived
myotubes and disrupted MBNL1 binding to CUG repeat RNA.

As furamidine treatment did not reduce CUG RNA levels in DM1 myotubes, we looked at
other potential mechanisms of action to explain the mis-splicing rescue observed. We had
previously shown that furamidine reduced ribonuclear foci in a DM1 HelLa cell model at 80
M3, Therefore, we performed fluorescent 7 situ hybridization (FISH) against the CUG
repeat RNA to assess activity of furamidine on ribonuclear foci formation in DM1
myotubes. Furamidine reduced the number of ribonuclear foci per nucleus relative to
untreated DM1 myotubes in the 0.25 to 4 1M concentration range tested (Figure 6a). Foci
number in at least 100 nuclei were counted per concentration per experiment (blinded) and
then normalized by setting the untreated ratio to 1. Representative FISH images of DM1
myotubes with furamidine treatment are shown in Figure S10. At 1 £M furamidine
treatment, the foci abundance was reduced to 0.72 + 0.02 of untreated levels, which
corresponds to the highest level of mis-splicing rescue.

Based upon these findings, we hypothesized that furamidine may bind the expanded CUG
RNA and disrupt the MBNL-CUG RNA complex. To test this hypothesis, an MBNL1-CUG
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repeat electrophoretic mobility shift assay (EMSA) was used to determine if furamidine
disrupted the protein-RNA complex. The CUG RNA construct used contains eight CUG
repeats stabilized into a stem-loop structure using the stable UUCG loop (inset upper right in
Figure 6b). We found that furamidine was able to disrupt the MBNL1-CUG complex with
an ICg of 40 + 3 1M (Figure 6b). This corresponds with our previous finding that 80 /M
furamidine treatment reduced ribonuclear foci in HeLa cells transfected with a CUGggg
plasmid3! and is consistent with displacing MBNL proteins from CUG repeats. Further, to
determine if furamidine binds CUG repeat RNA, we performed ITC experiments using the
CUG RNA sequence r(CUG), that forms a duplex?’ (inset, Figure 6c). Furamidine was
found to bind the CUG RNA with a Kp of 99 £ 25 nM. A representative ITC binding curve
is shown in Figure 6¢ with the raw heats of reaction versus time inset. The highest levels of
mis-splicing rescue and reduction of ribonuclear foci all occurred between 0.5 to 1 M
furamidine. These results paired with furamidine’s ability to bind CUG RNA suggest that
furamidine may disrupt the MBNL-CUG complex formation /n cellulo leading to the
release of MBNL.

Furamidine treatment increased MBNL1 and MBNL?2 protein levels in DM1 patient-derived

myotubes.

The exacerbation of mis-splicing (Figure S11 and S12) coupled with the significant
reduction of foci (Figure S13) at higher furamidine concentrations suggested that furamidine
treatment could alter MBNL levels. Loss of MBNL function can recapitulate aspects of
DM1 pathogenesis#8: 49, such as mis-splicing, and MBNL1 knockdown has been shown to
decrease RNA foci accumulation®0. Therefore, we wanted to determine if furamidine
treatment impacted the expression of MBNLSs. Interestingly, we found that MBN/L1 and
MBNL 2transcript levels increased concurrently in a dose-dependent manor up to 4 /M
furamidine, reaching 1.5-fold and 2-fold, respectively (p<0.01 or better, Figure 7a). Notably,
the increased levels of MBNL1and MBNLZ2transcripts caused by furamidine treatment did
not appear to be dependent on the DM1 disease background. We observed similar transcript
increases in non-DM myotubes (Figure S14). Further, the modulation of MBNL1 and
MBNLZ2 expression does not appear to be a characteristic of diamidines in general as
heptamidine treatment in the DM1 myotubes did not have a significant impact on transcript
levels within the concentration range tested (Figure S15).

Protein levels of MBNL1 and MBNL2 were measured at the same concentration range of
furamidine (0.1 M to 4 tM) in DM1 myotubes and both proteins were increased anywhere
from 109% to 127% of untreated levels between 0.25 and 1 M furamidine (Figure 7b and
7c¢). MBNL1 levels peaked at 116 + 5% with 0.5 4M treatment (p<0.02) and then steadily
decreased back to untreated levels by 2 ¢M (Figure 7b). At 4 tM treatment, MBNL1 levels
dropped to 86 + 11% of untreated levels (p<0.01). Similarly, MBNLZ2 levels peaked at 127
+ 8% with 0.5 ¢M furamidine and remained elevated to 2 xM (p<0.01), then dropped back
to untreated levels at 4 ¢M (Figure 7¢). We observed that MBNL1 and MBNLZ2 protein
levels increased in non-DM myotubes, as well (Figure S16), however the increases were not
as dramatic for MBNL2. MBNL1 levels peaked with 0.75 p#M furamidine treatment at 113
+ 6% (p<0.05) and MBNL2 levels peaked with 1 xM furamidine at 112 £ 5% (p<0.02) in
the non-DM myotubes.
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The modulation of MBNL transcript and protein levels by furamidine is intriguing and
multiple mechanisms are likely involved over the 100-fold concentration range studied.
Possibilities include furamidine up-regulated transcription through interactions with DNA in
the MBNL 1/2 genes or altered transcription factor binding as has been shown previously for
furamidine with the PU.1 transcription factor3®. Alternatively, furamidine could interact
directly with the MBNL 1/2transcripts and stabilized the mRNAs. Although of interest,
determining the mechanism(s) through which furamidine modulates MBNL transcript and
protein levels is beyond the scope of this work.

Furamidine rescued more mis-splicing events and had fewer off-target exon skipping
events compared to heptamidine in the HSALR DM1 mouse model.

To assess the degree of global mis-splicing rescue achieved by furamidine in the HSALR
mouse, RNA-seq analysis was used to measure the level of inclusion, or PSI, of alternatively
spliced cassette exons in the WT, control HSALR, furamidine and heptamidine treated
HSALR mice. RNA-seq libraries were prepared from the same RNA samples used for the
splicing and transgene expression experiments. Consistent with our RT-PCR analysis, the
RNA-seq data supported rescue of the mis-splicing of Atn2al exon22event in the HSALR
mouse (Figure S17a); however, read coverage was too low to confidently predict the PSI
values for the Clcnl exonzaevent to determine rescue. Many additional events showing mis-
splicing rescue were identified in the mice treated with furamidine and heptamidine. The
events that showed mis-splicing rescue with furamidine included Rapgef1, Tnnt3and Rilp/1
having percent rescues of 38 + 9%, 24 + 14% and 94 + 29% rescue (p<0.05 or better),
respectively (purple points, Figure S17b—d). Heptamidine treatment also showed rescue of
these events at 48 + 8%, 40 + 23% and 88 + 0% rescue (p<0.05 or better), respectively
(green points, Figure S17b-d).

When comparing the WT and control HSALR mice, a total of 666 ES events showed
evidence of mis-regulation greater than a 10% change in PSI (p<0.01, FDR<0.01), however
these events were not validated specifically as DM1-associated mis-splicing events. Of these
events, 74 showed at least a 10% rescue with 30 mg kg~ furamidine treatment and 62
displayed at least a 10% rescue with 30 mg kg~ heptamidine treatment (p<0.01, FDR<0.01,
Figure 8a and 8b). A distribution of events shown by percent rescue by furamidine and
heptamidine is shown in Figure S17e. On average, heptamidine displayed a higher degree of
mis-splicing rescue compared to furamidine for the 58 ES events that were rescued by both,
with furamidine having an average percent rescue of 52 + 31% and heptamidine an average
of 65 + 39%.

Interestingly, both drugs caused some of the 666 ES events to be over-rescued or even mis-
rescued, meaning that the mis-splicing was shifted further from WT. Furamidine caused 6
events to be over-rescued and 11 events to be mis-rescued, and heptamidine caused the over-
rescue of 16 events and the mis-rescue of 18 events (p<0.01, FDR<0.01, Figure 8a and 8b).
Along with over-rescue or mis-rescue of splicing, we wanted to know if the treatments
caused any ‘off-target’ alternative splicing changes, which we identified by looking at
changes in the PSI of ES events outside of the 666 mis-regulated events found between the
WT and control HSALR mice. With heptamidine treatment, there were 331 ES events that

ACS Chem Biol. Author manuscript; available in PMC 2019 January 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Jenquin et al.

Page 9

showed greater than a 10% change in PSI versus control, while furamidine had less than half
that number at 146 events (p<0.01, FDR<0.01, Figure 8a and 8b). These data show that
furamidine rescued more mis-splicing events and had reduced off-target effects on ES events
compared to heptamidine treatment in HSALR mice.

Furamidine had low off-target effects on global gene expression in the HSALR DM1 mouse

model.

One challenge for small molecules as therapeutics is to identify concentration windows in
which target engagement is maximized and off-target effects are minimized. For DM1, we
have focused on small molecules that reduce levels of expanded CUG repeats with the goal
of minimizing or eliminating changes to other transcripts. ActD was the first transcription
inhibitor used in DM1 for which RNA-seq was performed to determine the off-target
effects!’. In that study, we observed that 0.25 mg kg1 ActD changed the expression of 5.1%
of genes in HSALR mice. Therefore, determining furamidine’s effect on global gene
expression was an important next step. Analysis of the RNA-seq data showed that
furamidine only modestly affected global gene expression patterns with dramatically fewer
changes in gene expression (2.9% of genes, p<0.1, Figure 8c) compared to heptamidine
(42% of genes, p<0.1, Figure 8d). However, these gene expression changes are those of the
untreated versus treated HSALR transcriptome. Expression of CUG repeats has been shown
to induce transcriptional changes that are linked to loss of Mbnl1 function in HSALR mice®1,
Similar to mis-splicing rescue, we wanted to determine if some of the gene expression
changes in the untreated versus treated HSALR mice were actually the “rescue” of
expression back to wild type levels.

To determine gene expression rescue, we identified genes that were differentially expressed
between wild type FVB mice and the control HSALR mice and compared the expression of
those to ones differentially expressed between control mice and furamidine or heptamidine
treated HSALR mice. An explanation of how percent rescue of gene expression was
calculated can be found in the methods section. Interestingly, the expression of 21% (153
genes) of the 708 genes differentially expressed with furamidine treatment were rescued by
more than 10% back to wild type levels (Figure 8e). We also identified genes that were over-
rescued and mis-rescued by more than 10% with furamidine treatment, corresponding to
15% (104 genes) and 14% (98 gene) of the 708 differentially expressed genes, respectively
(Figure 8e). Heptamidine treatment resulted in differential expression of 10,435 genes and
only 6% (587 genes) were rescued, while 10% were over-rescued (1094 genes) and 21%
(2139 genes) were mis-rescued (Figure 8f). These data show that furamidine has fewer total
gene expression changes compared to heptamidine treatment in the HSALR mice and that it
rescued a larger percentage of those differentially expressed genes back toward wild type
levels.

Because furamidine reduced HSA transgene levels, we wanted to determine if there was an
enrichment of CTG motifs in the genes that were significantly differentially expressed with
furamidine treatment. Of the 264 genes that were differentially expressed (p<0.1) with a
log2 fold change of more than £1, 123 were down regulated and 141 were up regulated.
There was not a significant enrichment of CTG motifs in either the up or down regulated
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genes versus a randomly generated set of 150 genes that were not significantly affected by
furamidine treatment. The 123 down regulated genes had an average of 25 + 6 CTGs/kb and
the 141 were up regulated had an average of 25 + 5 CTGs/kb, where the randomly generated
150 genes had an average of 25 + 9 CTGs/kb. There was also not a significant enrichment of
AT-rich genes in the differentially expressed genes with furamidine treatment versus the
randomly generated genes, at 54 + 6% AT for both the up and down regulated genes and 55
+ 6% for the randomly generated genes. Our working model for furamidine’s mis-splicing
rescue in the HSALR mouse is that it binds the expanded CTG+CAG repeats to reduce their
transcription, but that its promiscuous binding to nucleic acids and proteins causes up and
down regulation of the other transcripts through multiple mechanisms.

While furamidine’s primary mode of action appears to be inhibiting transcription from the
CTG+CAG-containing transgene in the HSALR mouse, we cannot dismiss that furamidine
may work through disruption of the MBNL-CUG complex to release MBNL proteins
consistent with the ITC and EMSA studies. It is unlikely to be working through the up-
regulation of MBNL proteins as the transcript levels of Mbn/1 and Mbnl2 are relatively
unchanged with furamidine treatment (Figure S18); however, protein levels were not
assessed to rule out this mechanism in the HSALR mouse model.

Conclusions.

Taken together, the results of mis-splicing rescue, changing MBNL protein levels, lack of
significant change in expanded CUG levels, and reduction in ribonuclear foci suggest that
increased levels of MBNL proteins and furamidine disruption of the MBNL-CUG complex
are the primary drivers of mis-splicing rescue in the DM1 patient-derived myotubes.
Interestingly, furamidine’s primary mode of action may be inhibition of transcription from
the CTG*CAG-containing transgene in the HSALR mouse model, although disruption of
MBNL-CUG repeats by furamidine is also possible. Our results, from this and previous
studies, show that small molecules can have a broad range of off-target effects. These studies
revealed that furamidine has the lowest number of off-target gene expression changes
compared to other small molecules that have been studied globally for DM. Further, this is
the first example showing the global gene expression rescue of small molecules for DM. The
reduction of off-target effects and reduced toxicity from heptamidine to furamidine suggests
that modifications to furamidine and screening of furamidine analogs could lead to new
molecules with improved activity and selectivity. Moreover, our findings highlight the
importance of assessing the activity of lead molecules for DM1 across a broad concentration
range and in multiple systems (data associated with upregulation of DMPK transcript levels
and knockdown of MBNL proteins at high furamidine treatment are shown in Figures S19 to
S22). In the future, it will be exciting to determine if furamidine and analogs have the same
multi-mechanism activity in related microsatellite diseases such as myotonic dystrophy type
2, spinocerebellar ataxia-8, and Fuchs’ Corneal Dystrophy®2.

METHODS

A description of all chemicals, reagents, instrumentation, and procedures is available in the
Supporting Information.
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HoN NH,

\

Figure 1. Structures of pentamidine analogs.
a) Heptamidine and b) furamidine have the characteristic structural features of diamidines

that bind the minor groove of DNA: the ability to adopt a semi-curved shape, two terminal
amidine groups that are positively charged at physiological pH, and a relatively flat
conformation.
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Figure 2. In HSALR mice, furamidine recued Atp2al and Clen1 mis-splicing and reduced HSA

transgene levels.

RT-PCR confirmed that both a) AfpZal exon22 and b) Clcnl exon7a mis-splicing events
were partially rescued by furamidine (purple) and heptamidine (green) treatment (p<0.01).
RT-gPCR data showed that furamidine (purple) reduced c) HSA transgene levels (p<0.01)
and did not affect d) endogenous Dmpk levels, while heptamidine (green) treatment
drastically reduced both (p<0.001). ) A representative isothermal titration calorimetry (ITC)
binding curve using a d(CTGCTGCAGCAG) palindrome sequence (inset lower right) shows
that furamidine binds CTG repeat DNA with a K = (2.1 + 0.3) x10% M1 when fit with a
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single binding model, where N = 7.2 £ 0.6, AH = -4104 + 436 cal/mol, AS = 15 + 1 cal/mol/
deg. Raw heat of reaction versus time is inset in the upper left corner.

ACS Chem Biol. Author manuscript; available in PMC 2019 January 23.



1duosnue Joyiny

1duosnuely Joyiny

Jenquin et al. Page 18
MBNL1 exon5 MBNL2 exon5
a) 100 b) 100
90 | 90
= g0 | = 80
w w
ot a 70
= =
T 60 | - 60
£ 50 | —— - § 50
40| - @ 40
g 30 5 30 -
e I o —
& 20 | & gty o
10 - 10 e
O 1 1 1 1 1 1 1 1 o 1 1 1 1 1 1 1 1
c DM?1 c DM1

Furamidine (uM) 0

0.1 025 05 075 1 2 4

Furamidine (M) 0 0.1

025 05 075 1 2 4

%Rescue 100 0 12 23 29 27 30 24 17 %Rescue 100 0 24 33 47 46 46 40 22
NUMA1 exon2 SYNE1 exon137
c) 100 d) 100
9 | 90
=80 [ 5 = 80
L7} L 70
e £
320 32 [~
S5 L < 59 .,
G a0 | o« ° 3 40 -~ -
5 o L § -~
830 | -y * . 8 30
§ i ; §
o 20 o 20
10 | 10
0 1 L L 1 1 1 L 1 0 1 1 L 1 1 L 1 1
C DM1 c DM1

Furamidine (uM) 0
% Rescue 100 0

0.1 025 05 075 1 2 4
8 17 18 20 22 18 6

Furamidine (uM) 0 0.1
% Rescue 100 0 23

025 05 075 1 2 4
50 63 56 49 40 32

Figure 3. Furamidine partially rescued mis-splicing in DM1 patient-derived myotubes.
a) MBNL1, b) MBNLZ, c) NUMAI and d) SYNEI events displayed maximum percent

rescue of 30 + 3%, 47 £ 4%, 22 + 6%, and 63 + 9%, respectively, after 4 days of furamidine
treatment (p<0.001). Maximum rescue occurred between 0.5 and 1 uM furamidine for all
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splicing events shown.
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Figure 4. Furamidine displayed no toxicity in DM1 patient-derived myotubes.
Furamidine (purple) did not affect cell viability in the concentration range where mis-spicing

rescue was observed (0.1 — 4 uM). Heptamidine (green) started to display significant cell
toxicity after 4 days of treatment at 0.5 uM (p<0.001).
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Figure 5. CUG RNA levels were not significantly reduced with furamidine treatment in DM1
myotubes.

Northern blot quantification of CUG repeat RNA levels relative to GAPDH with the
untreated CUG levels set to 1. There were no significant changes in CUG RNA levels at any
concentration of furamidine treatment.
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Figure 6. Furamidine treatment reduced ribonuclear foci abundance in DM1 myotubes and
disrupted the MBNL1-CUG complex in vitro.

a) Quantified FISH data showing the number of ribonuclear foci per nucleus with foci
abundance of untreated DM1 cells set to 1. A reduction in ribonuclear foci per nucleus was
observed for all furamidine concentrations tested (p<0.01 or better). b) Using a CUGg
hairpin construct (inset upper right) in an electrophoretic mobility shift assay (EMSA),
furamidine displaced MBNL1 from CUG RNA with an ICgp of 40 £ 3 uM. ¢c) A
representative isothermal titration calorimetry (ITC) binding curve using a r(CUG)4
sequence that forms a duplex (inset) shows that furamidine binds CUG repeat RNA with a K
= (1.06 = 0.30) x107” M~1 when fit with a single binding model, where N = 6.6 + 0.2, AH =
—-6400 £ 238 cal/mol, AS = 10.2 + 0.2 cal/mol/deg. Raw heat of reaction versus time is inset.
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Figure 7. MBNL transcript and protein levels increased with furamidine treatment in DM1
myotubes.

a) RT-gPCR data showing MBNL 1 (sold bars) and MBNLZ (patterned bars) expression
levels and western blot data for b) MBNL1 and ¢) MBNL2 protein levels in DM1 patient-
derived myotubes treated with furamidine. Furamidine treatment caused increased levels of
both MBNL1and MBNLZtranscripts (p<0.01 or better for all). Also, MBNL1 protein levels
increased between 0.25 and 0.75 uM furamidine (p<0.05 or better), while MBNL2 protein
levels increased between 0.1 and 2 pM furamidine (p<0.05 or better).
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Figure 8. Furamidine rescued more mis-splicing events, had fewer gene expression changes and
rescued more gene expression changes compared to heptamidine treatment in HSALR mice.

When splicing was analyzed globally using RNA-seq, a) furamidine had a higher number of
rescued events (purple) and fewer over-rescued (blue), mis-rescued (yellow), and off-target
exon skipping (ES) events (grey) compared to b) heptamidine (green) treatment (p<0.01,
FDR<0.01). Expression analysis of the RNA-seq data showed that c) furamidine had fewer
transcripts with significantly altered expression (red dots) compared to d) heptamidine
(p<0.1). Gray dots represent genes that were not significantly differentially expressed. When
gene expression was analyzed for rescue back to wild type levels, the RNA-seq data showed
that e) furamidine had a higher number and percentage of rescued gene expression changes
(purple) and fewer over-rescued (blue), mis-rescued (yellow), and off-target gene expression
changes (grey) compared to f) heptamidine (green) treatment (p<0.1).
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