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  Introduction  
 Autosomal dominant  myotonic  dystrophy type 1 (DM1) is 
among the most common forms of muscular dystrophy with 
an estimated incidence of 1 in 8000. 1  DM1 is caused by a tract 
of pathologically expanded trinucleotide CTG repeats in the 3′ 
untranslated region of the dystrophia myotonica protein kinase 
( DMPK ) gene. 2,3  While the exact functions of DMPK remain to 
be elucidated, the mechanisms by which the pathogenic DMPK 
trinucleotide repeat interferes with normal cell function have 
been well characterized; it has become clear that mutated DMPK 
mRNA is the chief DM1 pathogenic mediator. Th e expanded 
DMPK mRNA forms a hairpin structure which accumulates in 
intranuclear foci leading to the sequestration and misregulation 
of several proteins involved in pre-mRNA splicing. Th e resulting 
missplicing gives rise to the array of symptoms experienced and 
physical signs seen in DM1. Th ese include myotonia, insulin 
resistance, cardiac conduction effects and muscle wasting. 
Th e greater the number of trinucleotide repeats the greater 
the disease severity. 4,5  Importantly, the ablation of the murine 
 DMPK  gene results only in a mild phenotype. 6,7  Given the 
centrality of DMPK mRNA to DM1 pathology and the apparent 
innocuous impact of its absence, we believe down-regulation 
of this transcript represents a credible DM1 therapeutic avenue 
worthy of exploration. 

 In this regard, drugs have more than the primary eff ect for 
which they are utilized, aff ecting the transcription of genes and 
the activation or inhibition of diverse signaling pathways. Th e 
spectrum of eff ects that the modern pharmacopeia may have 
on gene expression is currently largely unknown and diffi  cult 
to predict. Over the past decade, the Broad Institute compiled 
a connectivity map capturing the global genomic response 
of mammalian cell lines to drugs and drug-like compounds. 
Th e database was brought together as a resource to identify 
connections between drugs of similar mechanisms, chemicals 
and physiological processes, and diseases and drugs. 8  We 
identifi ed those agents showing down-regulation of DMPK 
mRNA, identifying a class eff ect for compounds already shown 
to have some therapeutic effi  ciency for DM1; sodium channel 
blockers. 

 Currently, the main treatment for DM1 is symptomatic 
including pacemaker insertion for cardiac conduction 
abnormalities and noninvasive ventilation for central or 
obstructive sleep apnea. Some small studies have suggested that 
mexiletine, imipramine, clomipramine, and taurine may be useful 
in the treatment of myotonia. 9,10  Th e altered splicing of the muscle 
specifi c chloride channel 1 (ClC-1) has been shown to cause the 
myotonic phenotype of DM1 and is reversible in mouse models 
using morphilino antisense to modify splicing of ClC-1 mRNA. 11  
Recently a DMPK antisense RNA approach has been shown to 
hold considerable potential in knocking down DMPK mRNA 
and improving murine DM1. 12  In this study we have explored the 
eff ect of sodium channel blockers on DMPK expression that can 
be utilized to develop novel therapeutics for DM1.  

  Materials and Methods 
 Connectivity Map Data Mining 
 Data mined from the Broad Institute’s Connectivity Map project 
served as the starting point for this project. Th e Broad Institute’s 
Connectivity Map is constituted of Aff ymetrixGeneChip U133-A 
microarray data generated with cDNA isolated from cell lines 
incubated with approximately 1,300 drugs individually at a 
concentration of 10  μ M for 6 hours. Th e two diff erent DMPK 
cDNA tags 37996_s_at, 217066_s_at on the GeneChip enabled 
the generation of two different lists (builds) of candidate 
compounds mitigating the variability inherent in microarray 
analyses. To compare across builds we took an average of the 
relative expression of both builds and ranked compounds 
according to their average eff ect. Connectivity Map drugs are 
tested from 1 to 100 times. In a further attempt to reduce false 
positive drug identifi cation, we restricted most of our analyses to 
those compounds which had a minimum of four trials per build, 
leaving us with an aggregate minimum of eight trials. Th is number 
was chosen as it refl ects the highest number of trials that would 
allow a reasonable number of candidate drugs to be returned. Th is 
resulted in our candidate drug list shrinking to approximately 400 
compounds that we included for further study. A small number of 
compounds were included that did not meet the four trial cut-off  

 Sodium Channel Inhibitors Reduce DMPK mRNA and Protein    
    Luke     Witherspoon  ,   M.D.    1,2 ,    Sean     O’Reilly  ,   M.Sc.    1,2 ,    Jeremiah     Hadwen  ,   B.Sc.    1,2 ,    Nafi sa     Tasnim  ,   B.Sc.    1,2 ,    Alex     MacKenzie  ,   M.D., Ph.D.    1,2 , 
and    Faraz     Farooq  ,   Ph.D.    2,3  

          

  1   University of Ottawa  ,    Ottawa  ,   Canada    ;   2   Apoptosis Research Center  ,   CHEO Research Institute  ,    CHEO  ,   Ottawa  ,   Canada    ;   3   Emirates College for Advance Education  ,    Abu Dhabi  ,   UAE     . 

  Correspondence: Alex MacKenzie ( mackenzie@cheo.on.ca ) and Faraz Farooq ( faraztfarooq@gmail.com ) 

  DOI:  10.1111/cts.12275  

   Abstract 
 Myotonic dystrophy type 1 (DM1) is caused by an expanded trinucleotide (CTG)n tract in the 3′ untranslated region (UTR) of the 
dystrophia myotonica protein kinase ( DMPK ) gene. This results in the aggregation of an expanded mRNA forming toxic intranuclear 
foci which sequester splicing factors. We believe down-regulation of DMPK mRNA represents a potential, and as yet unexplored, DM1 
therapeutic avenue. Consequently, a computational screen for agents which down-regulate DMPK mRNA was undertaken, unexpectedly 
identifying the sodium channel blockers mexiletine, prilocaine, procainamide, and sparteine as effective suppressors of DMPK mRNA. 
Analysis of DMPK mRNA in C2C12 myoblasts following treatment with these agents revealed a reduction in the mRNA levels.  In vivo  
analysis of CD1 mice also showed DMPK mRNA and protein down-regulation. The role of DMPK mRNA suppression in the documented 
effi cacy of this class of compounds in DM1 is worthy of further investigation. Clin Trans Sci 2015; Volume 8: 298–304   

 Keywords:    muscle  ,   molecular genetics  ,   molecular biology  ,   drug therapy  ,   drugs     



299VOLUME 8 • ISSUE 4WWW.CTSJOURNAL.COM

Witherspoon et al. ■ DMPK mRNA and Protein

but whose suppression/induction capabilities were high. A very 
small number of compounds were removed aft er this stage due 
to the lack of availability. Th e majority of these were discontinued 
compounds, making them less than ideal candidate drugs. 

  Cell culture and drug treatment conditions 
 C2C12 myoblasts were cultured under standard conditions on 
15 cm plates (Sigma-Aldrich, St. Louis, MO, USA; Greiner Bio-
One, Monroe, NC, USA ) and kept at 37°C in a water-saturated 
environment which contained 5% CO 2 . Dulbecco’s Modifi ed 
Eagle’s Medium (DMEM) supplemented with 10% fetal calf 
serum and 100 units/mL of penicillin–streptomycin was used as 
growth media. To prevent any diff erentiation of the myoblasts 
into myotubes, all growth plates were carefully monitored and 
were split when cells reached 70% confl uence. 

 For trials where RNA was to be extracted for qPCR or protein 
for Western blotting, cells were split from 25 cm growth plates 
into 12-well  (BD Biosciences, San Jose, CA, USA; Falcon cell 
culture, Tewksbury, MA, USA ) plates (BD Biosciences, Falcon cell 
culture). Depending on trial length (4, 16, 24 hours), cells were 
seeded at densities so as to never surpass 70–80% confl uence. 
Cells were monitored before treatment and before lysis to ensure 
equal cell number between trials. 

 The mid-throughput screens conducted on DMPK 
suppressors candidate drugs (purchased from Sigma-Aldrich) 
were screened at 2 concentrations (1  μ M and 25  μ M). All drugs 
were diluted as per manufacturers’ recommendation in either 
sterile H 2 O or dimethyl sulfoxide. All compounds were diluted 
so that no vehicle surpassed 0.1% in cell media. 

 For transcriptional inhibitor treatment, C2C12 cells were 
seeded in 12-well plates and treated 24 hours later with Amanitin 
(2.5  μ g/mL) for up to 24 hours.  

  Animal studies 
 Six-week-old CD1 mice were purchased from Charles River 
Laboratories (Boston, MA, USA). Th ey were cared for in approval 
with the University of Ottawa Animal Care and Use Committee, 
which is compliant with the Guidelines of the Canadian Council 
on Animal Care and the Animals for Research Act. Animals were 
assessed daily by an animal care technician and were monitored 
before, during, and after treatment to ensure no negative 
eff ects of treatment. All treatments were given to mice through 
intraperitoneal injection (I.P.), once daily. To reduce stress on 
animals, small gauge needles (30 ½) were used. All tissues were 
extracted from mice within 8 hours of the last dose.  

  qPCR analysis 
 Total RNA was isolated according to the protocol provided 
by the manufacturer using the RNAeasy gDNA eliminator 
kit (Qiagen, San Jose, CA, USA ). Th is extraction included the 
gDNA elution step. For qPCR, cDNA was reverse transcribed 
from isolated RNA employing the provided primer mix (oligodT 
primers/random primers) provided with the Quantitect Reverse 
Transcription kit (Qiagen). cDNA synthesis was conducted 
following manufacturer’s instructions. The optional gDNA 
wipeout treatment was included during cDNA synthesis. Th e 
synthesized cDNA template was used for qPCR with PerfeCTa© 
Sybr green (Quanta Biosciences, Gaithersburg, MD, USA) and 
analyzed on the EppendorfMastercyclerrealplex using Eppendorf 
96-well qPCR plates (white plastic bottom).  β -2-microglobulin 

was chosen as the housekeeping gene and commercially available 
primers were obtained from Origene (Rockville, MD, USA). 
Following qPCR, the delta delta Ct method of analysis was used 
to determine relative expression of our transcript of interest. 
Standard curves were generated for each primer pair to ensure 
our amplifi cation and detection were occurring effi  ciently and 
within the linear range. 

 Th e following primer sequences were used to detect DMPK 
and  β -2-microglobulin
    DMPK (5′  →  3′)  
   Forward: CTGCTCGACCTTCTCCTGG 
   Reverse: CACGCCCGATCACCTTCAA 
   Amplicon length: 166 
    Location: Spanning exon 1 (219)-exon 2 (384) of DMPK 

transcript 
    β -2-microglobulin (5′→3′) 
   Forward: ACAGTTCCACCCGCCTCACATT 
   Reverse: TAGAAAGACCAGTCCTTGCTGAAG 
   Product length: 105 
   Location: Exon 2 (195–299)   

 Mice were individually euthanized by exposure to CO 2  and 
tissue (gastrocnemius and heart) were obtained, washed in sterile 
PBS, and frozen in liquid nitrogen. Dissection instruments were 
cleaned with RNAse Away (Molecular Bioproducts, Th ermo 
Fisher Scientifi c Waltham, MA, USA) and RNAase free H 2 O 
water aft er each dissection to prevent contamination between 
samples. Samples were then stored at −80°C. For RNA isolation, 
samples were lysed using the Qiagen Tissue Lyser II in RNAse 
free tubes utilizing steel balls. Total RNA was extracted using the 
RNeasy fi brous tissue midi kit (Qiagen), with the optional gDNA 
elimination step included, as per the manufactures instructions. 
cDNA synthesis and qPCR were performed on mouse samples 
in the same manner as described above.  

  Western blot analysis 
 Cells were washed twice with 1 × PBS and lysed with either 
75  μ L (12 well plate) or 300  μ L (10 cm plate) of RIPA buff er 
containing 10 mg/mL each of aprotinin, phenylmethylsulfonyl 
fl uoride (PMSF), and leupeptin for 30 min at 4°C. Following lysis, 
the samples were centrifuged at 13,000 ×  g  for 20 minutes at 4°C 
and supernatants were collected and frozen at −20°C. Protein 
concentrations were determined by Bradford protein assay using 
a Bio-Rad protein assay kit (Richmond, CA, USA). 

 Before analysis, samples were boiled for 5 minutes at 
95°C and equal amount of protein extracts were separated 
by 11% SDS-Page (80 V for 30 minutes, 120 V for 1 hour). 
Proteins were subsequently transferred (300 mA, 3 hours) to 
nitrocellulose membrane and the membrane was incubated 
in blocking solution (1× PBS, 5% milk, 0.2% Tween-20) for 
1 hour at room temperature followed by overnight incubation 
with the primary antibody. Anti-DMPK polyclonal provided 
by Dr. Chris Storbeck, Luke Sabourin (Ottawa) 13  was used at a 
dilution of 1:1,000. A commercially available Tubulin antibody 
(Abcam, Toronto, ON, Canada ) was used at a concentration of 
1:10,000. Membranes were washed with PBS-T (1× PBS, 0.2% 
Tween-20) three times for 10 minutes followed by incubation 
with secondary antibody (antirabbit [DMPK], antimouse 
[Tubulin], cell signaling) for 1 hour at room temperature. 
Antibody complexes were visualized by autoradiography using 
ECL Western blotting system (GE Healthcare, Mississauga, 
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ON, Canada ) and X-Ray fi lm (Kodak, Washington, NJ, USA ). 
Quantifi cation was performed by scanning the autoradiographs 
and signal intensities were determined by densitometry using 
the ImageJ soft ware. 

 Mice were individually euthanized by exposure to CO 2  and 
tissue (gastrocnemius and heart) were obtained, washed in sterile 
PBS, and frozen in liquid nitrogen. Samples were then stored at 
−80°C. Samples were prepared by lysing in either 500  μ L (Heart 
tissue), or 300  μ L (gastrocnemius tissue) of RIPA buff er containing 
10 mg/mL each of aprotinin, PMSF, and leupeptin in the Qiagen 
Tissue Lyser II until a smooth consistency was obtained. Following 
lysis, the samples were centrifuged at 13,000 ×  g  for 30 minutes at 
4 ° C and supernatants were collected and frozen at −80 ° C. Protein 
concentrations were determined by Bradford protein assay using 
a Bio-Rad protein assay kit (Richmond). Samples were analyzed 
in the same manner as was described above.  

  Statistical analysis 
 For statistical analysis of transcript/protein increase or decrease, 
the Student’s  t -test (two-tailed, two-sample unequal variance test) 
was used for analysis. All graph error bars represent the standard 
error of the mean (SEM).   

  Results 

  Assessment of connectivity map to identify compounds that 
decrease DMPK mRNA: Initial screen for DMPK suppressing 
compounds 
 We initially turned to the compilation of system-wide cell 
line transcriptional profi les elicited by 1,300 small molecules 
(approximately 75% FDA-approved drugs) contained in the 
Connectivity Map. 17  Our analysis of the Connectivity Map data 
resulted in a list of compounds that decrease DMPK mRNA in a 
number of cell lines. We noted that of the top 11 DMPK mRNA 
suppressing agents ( Table   1 ), four were sodium channel blockers. 
The degree of DMPK reduction was comparatively modest 

(25–30%) but the class eff ect was such that 
the agents were further investigated.   

  Secondary validation of sodium channel 
blockers as DMPK suppressors  in vitro  
 The recapitulation of DMPK mRNA 
suppression observed with the Connectivity 
Map cell lines (HL60, PC3, MCF7) in 
the more disease relevant C2C12 mouse 
myoblast cell line was next assessed. Th e 
eff ect of sodium channel blockers mexiletine, 
prilocaine, procainamide (50 nM, 1  μ M, and 
25  μ M) in DMPK mRNA suppression in 
C2C12 cells aft er 4 hours was next assessed. 
Statistically signifi cant decrease in DMPK 
mRNA levels was observed with all doses 
of mexiletine and prilocaine, ( Figure   1 ). 
No statistically significant decrease in 
DMPK mRNA was observed following 
4 hours of treatment with procainamide 
( Figure   1C ).   

 We also evaluated the impact of sodium 
channel blockers on DMPK protein levels. 
Although we are aware it is the mRNA 
which is the pathogenic agent in DM1, we 

utilized protein levels as a biomarker which might help validate 
any observed DMPK mRNA decrease. No statistically signifi cant 
decrease in the 67 and 74 kDa DMPK isoforms was observed in 
response to mexiletine. Prilocaine treatment signifi cantly reduced 
the 67 kDa DMPK protein isoform but had no eff ect on 74 kDa 
isoform. Procainamide treatment signifi cantly reduced both 67 
and 74 kDa DMPK protein isoforms.  

   In vivo  confi rmation of DMPK suppression 
 To establish whether sodium channel blockers recapitulate 
their eff ect of DMPK suppression  in vivo , wild type CD-1 mice 
were treated with the sodium channel blockers. Dose selection 
was guided both by typical human clinical dosing, as well as 
attempting to approximate murine serum levels with the optimal 
DMPK suppressing concentrations observed in cell culture. CD-1 
mice were therefore treated with daily IP injections of all three 
sodium channel blockers over a range of doses (6.25 mg/kg, 
12.5 mg/kg, 25 mg/kg, or 50 mg/kg of mexiletine; 1.25 mg/kg, 
2.5 mg/kg, and 5 mg/kg of prilocaine and 6.25 mg/kg, 12.5 mg/
kg, or 25 mg/kg of procainamide). No statistically signifi cant 
DMPK mRNA decrease was observed in gastrocnemius or heart 
samples following a 5-day treatment with mexiletine ( Figures   3A  
 and S1A ), although a nonsignifi cant reduction in DMPK mRNA 
levels in response to 25 mg/kg dose of mexiletine was noted in 
gastrocnemius ( Figure   3A ). Similarly, a statistically signifi cant 
decrease in DMPK RNA levels in response to prilocaine was 
observed in gastrocnemius tissue but not in heart ( Figures   3B  
 and S1B ). Although procainamide was not eff ective at decreasing 
DMPK in cell culture, it was eff ective in decreasing DMPK mRNA 
levels in gastrocnemius muscle in CD-1 mice ( Figure   3C ).  

 We next looked at DMPK protein in gastrocnemius in 
response to mexiletine (25 mg/kg), prilocaine (1.25 mg/kg), and 
procainamide (25 mg/kg) treatment in CD-1 mice. Treatment 
with prilocaine conferred a signifi cant reduction of DMPK protein 
in gastrocnemius ( Figures   4D–F ). A statistically nonsignifi cant 
decrease in 74 kDa and 67 kDa DMPK protein was observed 

 Drug Drug Class DMPK mRNA level 

    Connectivity 
 Map Data 

 10  μ M: 6 hours 
 (fold expression)  

1 Tomelukast Leukotriene antagonist 0.56 

 2  Sulindac sulfi de XSAID 0 ∼ 64 

3 8-Azaguanine Purine analog 0.71 

4 Santonin Anthelminthic 0.72 

5 Prilocaine Na channel blocker 0.75 

6 Procainamide Na channel blocker 0.75 

7 Splitomicin Sirtuin inhibitor 0.76 

8 Apigenin Flavone (yellow) 0.80 

9 Liothyronine Thyroid hormone 0.80 

10 Mexiletine Na Channel Blocker 0.80 

11 Sparteine Na Channel Blocker 0.80 

   Connectivity map data indicates the original fold expression values provided by the Broad Institute used initial 
ranking of the compounds. Sodium channel inhibitors are indicated by bold type.   

 Table 1.   Table summarizing the connectivity map data for DMPK suppressors .
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     Figure 1.    Sodium channel blockers mexiletine and prilocaine decrease DMPK mRNA  in vitro .    C2C12 cells were treated 
with range of doses of sodium channel blockers (0 [ n  = 6], 50 nM [ n  = 3], 1  μ M [ n  = 6], and 25  μ M [ n  = 6])} for 4 hours 
and then harvested for RT-PCR. (A) Quantifi cation of DMPK mRNA relative to  β -2-microglobulin (the ratio of control group is 
set as 1) upon treatment with mexiletine. (B) Quantifi cation of DMPK mRNA relative to  β -2-microglobulin (the ratio of control 
group is set as 1) upon treatment with prilocaine. (A) Quantifi cation of DMPK mRNA relative to  β -2-microglobulin (the ratio 
of control group is set as 1) upon treatment with procainamide. Mean ± SEM (bars) of three independent experiments are 
shown. * p  < 0.05; ** p  < 0.01; *** p  < 0.001,  t -test.  

     Figure 2.    Sodium channel blockers prilocaine and procainamide decrease DMPK protein (67 KDa isoform)  in vitro .    C2C12 cells were treated with sodium channel 
blockers for 4 hours and then harvested for Western blot analysis. Representative Western blot (A) and densitometric quantifi cation of DMPK protein (B and C) relative to 
tubulin (the ratio of control group is set as 1) upon treatment with mexiletine (50 nM). Representative Western blot (D) and densitometric quantifi cation of DMPK protein 
(E and F) relative to tubulin (the ratio of control group is set as 1) upon treatment with prilocaine (1  μ M). Representative Western blot (G) and densitometric quantifi cation 
of DMPK protein (H and I) relative to tubulin (the ratio of control group is set as 1) upon treatment with procainamide (1  μ M). Mean ± SEM (bars) of three independent 
experiments are shown. All lanes were run on the same gel but were noncontiguous. * p  < 0.05; ** p  < 0.01; *** p  < 0.001,  t -test.  

in gastrocnemius in response to 
mexiletine and procainamide 
( Figures   4A–C   and   G–I )   

  Transcriptional inhibition of 
DMPK mRNA by prilocaine 
 Prilocaine was the most eff ective 
of our candidate compounds in 
decreasing DMPK mRNA both 
 in vitro  and  in vivo . To determine 
whether the decrease in steady-state 
levels of DMPK mRNA and protein 
observed following prilocaine 
treatment is conferred through 
mRNA destabilization or by 
transcriptional inhibition, C2C12 
cells were treated with prilocaine 
in the presence or absence of RNA 
pol II (and thus transcriptional) 
inhibitor amanitin. Total RNA was 
harvested at diff erent time points 
(0, 4, 8, 12, and 24 hours) for RT–
PCR amplification. Prilocaine-
mediated DMPK mRNA reduction 
was unaff ected by the presence of 
transcriptional inhibitor amanitin 
suggesting that prilocaine treatment 



302 VOLUME 8 • ISSUE 4 WWW.CTSJOURNAL.COM

Witherspoon et al. ■ DMPK mRNA and Protein

does not destabilize DMPK mRNA 
but rather blocks its transcription 
( Figures   5A–C ). In contrast, the 
level of TNF α  mRNA known to 
be inherently unstable used as a 
positive control for transcriptional 
inhibition, decreased more rapidly 
upon treatment with amanitin 
( Figure   5D ).    

  Discussion 
 Given that small molecules can 
affect a substantial proportion 
of the human transcriptome and 
the cost and time required for 
new therapeutic compounds, the 
prospect of fi nding new uses for 
approved drugs by studying drug 
gene interaction is appealing. In the 
case of DM1, this might occur by 
down-regulation of the pathogenic 
DMPK mRNA especially given that 
the ablation of the  DMPK  gene leads 
to either no or minimal pathology 
in the mouse. We therefore elected 
to screen for compounds which 
can down-regulate DMPK mRNA 
levels. 

     Figure 3.    Sodium channel blockers mexiletine and prilocaine decrease DMPK mRNA  in vivo .    CD-1 wild type mice 
were treated with daily IP injections of all three sodium channel blockers over a range of doses (6.25 mg/kg, 12.5 mg/kg, 
25 mg/kg, or 50 mg/kg of mexiletine; 1.25 mg/kg, 2.5 mg/kg, and 5 mg/kg of prilocaine and 6.25 mg/kg, 12.5 mg/kg, or 
25 mg/kg of procainamide) for 5 days. Control mice were treated with equal volume of vehicle. Gastrocnemius muscle was 
harvested for RT-PCR. (A) Quantifi cation of DMPK mRNA relative to  β -2-microglobulin (the ratio of control group is set as 1) 
upon treatment with mexiletine. (B) Quantifi cation of DMPK mRNA relative to  β -2-microglobulin (the ratio of control group is 
set as 1) upon treatment with prilocaine. (C) Quantifi cation of DMPK mRNA relative to  β -2-microglobulin (the ratio of control 
group is set as 1) upon treatment with procainamide. Three mice per treatment group (control and treatment) were used. 
Mean ± SEM (bars) is shown. * p  < 0.05,  t -test.  

     Figure 4.    Sodium channel blocker prilocaine decrease DMPK protein  in vivo .    CD-1 wild-type mice were treated with daily IP injections of all three sodium channel block-
ers for 5 days. Control mice were treated with equal volume of vehicle. Gastrocnemius muscle was harvested for Western blot analysis. Representative Western blot (A) and 
densitometric quantifi cation of DMPK protein (B and C) relative to tubulin upon treatment with mexiletine (25 mg/kg). Representative Western blot (D) and densitometric 
quantifi cation of DMPK protein (E and F) relative to tubulin upon treatment with prilocaine (1.25 mg/kg). Representative Western blot (G) and densitometric quantifi cation 
of DMPK protein (H and I) relative to tubulin upon treatment with procainamide (25 mg/kg). Three mice per treatment group (control and treatment) were used. Mean ± 
SEM (bars) is shown. All lanes were run on the same gel but were noncontiguous. * p  < 0.05; ** p  < 0.01;  t -test.  
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 Lamb et al. have used DNA microarray technology to measure 
system-wide mRNA profi les in mammalian cell lines (MCF7, 
HL60, and PC3) in response to drugs. Th is high-throughput 
drug-based screening interrogation of the transcriptome 8  was 
used to identify the p38 kinase pathway in activating the spinal 
muscular atrophy modulating SMN2 gene. 14–16  Th e purpose of 
the current study was to determine whether databases such as 
the Connectivity Map could yield similarly successful results 
for DM1. Interestingly a number of the sodium channel 
blockers we identifi ed in this screen have already been used as 
DM1 treatments. Procainamide was identifi ed as an eff ective 
antimyotonia treatment in 1955. 17  While the sodium channel 
blocking properties of the compound may account for the 
amelioration of myotonia, procainamide appears to treat other 
symptoms of DM1 as well, dyspnea (shortness of breath), for 
example. 18  Mexiletine has also recently been recognized as an 
eff ective treatment for myotonia in DM1 patients. 9  In keeping 
with the broader eff ects seen with procainamide, the impact of 
mexiletine on a number of DM1 signs and symptoms beyond 
myotonia has also been observed, triggering an eff ort to have the 
drug relabeled as a broader therapeutic for myotonic dystrophy. 

 Prilocaine was the most consistent DMPK suppressor in our 
study. Although the eff ect of procainamide and mexiletine on 
DM1 has been the subject of published reports, no analogous 
studies have been conducted utilizing prilocaine. Although the 
impact on DMPK mRNA of prilocaine in combination with the 
transcriptional inhibitor amanitin did not diff er from amanitin 

alone, suggesting that prilocaine inhibits DMPK transcription, 
the mechanism by which this occurs is not known. Th e optimal 
 in vitro  DMPK mRNA suppressing concentrations approximate 
serum levels reported in patients receiving prilocaine infusions 
(approximately 390 nM) 19  but are much lower than that required 
for complete block of neuronal sodium channels (approximately 
17  μ M) 20  suggesting that the suppression of DMPK mRNA is 
occurring by a mechanism other than that of the sodium channel 
blockade. 

 Interestingly DMPK itself appears to modulate sodium 
channel expression; DMPK knockout mice have a reduced 
concentration of sodium channels present in skeletal muscle. 21  
Furthermore, a direct interaction between the DMPK protein 
and sodium channels has been shown to occur whereby the 
kinase phosphorylates sodium channels, thereby decreasing their 
activity. 22,23  One might therefore envision that with the reduction 
in sodium channel activity, an attempt is made by the cell to 
off set this by blocking the inhibitory DMPK phosphorylation 
of sodium channel by rapidly reducing DMPK mRNA with the 
attendant drop in DMPK protein that we have shown; a reduction 
in channel inhibition results from a reduction in channel activity. 
Clearly the precise mechanism by which this may occur remains 
to be elucidated, although it is noteworthy that a link between 
sodium channel blockade and modulation of sodium channel 
alpha subunit mRNA has been previously observed. 24  

 Th e tissue specifi c response we observed in our treatment with 
prilocaine, mexiletine, and procainamide may represent another 

     Figure 5.   Transcriptional inhibition of DMPK mRNA  in vitro  by prilocaine.   C2C12 cells were treated with prilocaine (1  μ M) in the presence or absence of RNA pol II (and 
thus transcriptional) inhibitor amanitin (2.5  μ g/mL). Total RNA was harvested at different time points (0, 4, 8, 12, and 24 hours) for RT–PCR. (A) Quantifi cation of DMPK 
mRNA relative to  β -2-microglobulin (the ratio of control group is set as 1) upon treatment with amanitin alone. (B) Quantifi cation of DMPK mRNA relative to  β -2-microglobulin 
(the ratio of control group is set as 1) upon treatment with prilocaine alone. (C) Quantifi cation of DMPK mRNA relative to  β -2-microglobulin (the ratio of control group is set 
as 1) upon treatment with amanitin + prilocaine. (D) Quantifi cation of TNF mRNA relative to  β -2-microglobulin (the ratio of control group is set as 1) upon treatment with 
amanitin and prilocaine. Mean ± SEM (bars) of three independent experiments are shown. * p  < 0.05,  t- test.  
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clue to the relationship between DMPK levels and sodium channel 
activity. Prilocaine worked well as DMPK suppressor in skeletal 
muscle tissue (gastrocnemius) but failed to have any eff ect on 
DMPK levels in heart tissue. It has been observed that although 
DMPK appears to modulate skeletal muscle expression of sodium 
channels (Nav 1.4), it has no eff ect on the sodium channel isoform 
(Nav 1.5) present in heart tissue. 22  Th ere may exist an element of 
reciprocity; only in tissues in which DMPK modulates sodium 
channel activity will blocking the sodium channel have an eff ect 
on DMPK mRNA and protein levels. 

 We have shown here a consistent decrease in DMPK mRNA 
levels in response to our candidate compound prilocaine at 
both  in vitro  and  in vivo . Th e next phase of research shall be to 
characterize these compounds eff ects on the pathogenic DMPK 
RNA. Th e documentation of a decrease in pathogenic DMPK 
mRNA would represent a novel therapeutic target for this drug 
class, it may be that a dosing scheme diff erent than that used to 
block channels elicits a more robust DMPK down-regulation. 
Whether it be sodium channel blockers and/or another drug class 
that is shown to be eff ective, the next step shall be exploration in 
an adult DM1 population. We hope that our success in compound 
identifi cation may lead to potential therapeutics for this disease 
and others, as well as highlighting the usefulness of  in silico  
screens as a tool for drug repurposing.  
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