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Myotonic dystrophy type 1 (DMl) is the most common form of adult-
onset muscular dystrophy, affecting roughly 1/8000 people worldwide. 1 

The disorder is an autosomal dominant RNA repeat disease caused by an 
expanded CTG repeat in the 3' untranslated region (UTR) of the DMPK 
gene 1 (Figure 1). Transcription of the mutant DMPK forms a toxic RNA 
that is sequestered in the nucleus.1 The toxic RNA, in turn, forms foci that 
accumulate in the nucleus and sequester different splicing regulators away 
from their normal targets, causing widespread splicing misregulation. 1 

The MBNL proteins 1, 2, and 3 have been identified as splicing regulators 
especially prone to sequestration in DMl .1 In addition to these sequestered 
proteins, another splicing regulator, CUGBPl, part of the CELF family, 
is hyperphosphoralated as a result of the expression of the toxic RNA re-
peats. The hyperphosphoration results in the stabilization of CUGBPl and 
its presence at relatively higher levels in the tissues of DMl patients. To-
gether, the changes in the MBNL proteins and changes in the activities of 
the CELF protein family are thought to be the primary cause of the splic-
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ing misregulation observed in DMl.2 The missplicing creates many alter-
nate protein products that may be either nonfunctional or vary from their 
normal function. 2 These proteins include INSR, which has been shown to 
cause insulin sensitivity in DMl patients, and CLCNl, which has been 
shown to cause myotonia.3 Other proteins including TNNT2 have been 
shown to cause cardiac defects in the disease.4 

Previous researchers have not studied OM-related splicing changes 
on a global level in the hearts of human patients. 5 Instead, only a few 
missplicing events in cardiac muscle have been previously investigated, 
and not with the breadth that RNA-Seq on a transcriptome level could 
provide.5 Studying the transcriptome, therefore, could provide much use-
ful information on the missplicing events that occur in the cardiac muscle 
of DM 1 patients. This is important because cardiac abnormalities account 
for the second highest cause of death in DMl patients.6 

In this study we compared the splicing patterns in cardiac muscle be-
tween DMl patients and healthy controls. Numerous alternative exons 
were found to be differentially included in DMl patients as compared to 
healthy controls. To investigate the potential affects these splicing changes 
may have on heart function, we examined the ontology of the parent genes. 
Previous research has suggested that a small list of these parent genes may 
have a causative effect in dilated cardiomyopathy (DCM).7 These genes 
include TNNT2, TPMl , CAM2KD, TTN, VCL, MEF2D, LDB3, NEXN, 
OBSCN, SYNl, and PDLIM3.8•9 These findings are important because 
prior research has already observed DCM in DMl patients, and DCM is 
associated with a high mortality rate. 10•11 The missplicing of these genes 
may perhaps lead to the DCM observed in DMl patients. This research 
may verify whether these genes are related to DCM and suggest additional 
avenues for future research. 

[84} The University of Oregon McNair Research Journal 



Methods 

Alternative Splicing in the Cardiac Tissue 
of Myotonic Dystrophy Type 1 Patients 

The biological samples used in this study were previously taken by 
Tom Cooper, a lab collaborator at the Baylor College of Medicine, and 
then sequenced by Eric Want at the Massachusetts Institute of Technology 
using RNA-Seq. Total RNA was depleted ofribosomal RNA following the 
manufacturer's protocol and then prepared according to the manufactur-
er's protocol. 12 The resulting paired-end RNA-sequencing libraries were 
sequenced on an Illumina Hi Seq 2000 to yield roughly 100 million 2 X 
60bp reads per library. The number of samples totaled 12, all taken from 
the cardiac muscle ofrecently deceased people. Nine of these people were 
previously identified with DM 1, and three were identified as not having 
DMl . The data that was used came in the form of raw sequencing data 
with a list noting which tags belonged to which sample. Library quality 
was verified using FastQC. 13 Next, the sequencing reads were compared 
to the human reference genome (version hgl9) using GSNAP. 14 Isoform 
abundances were estimated, and each of the nine DMl samples was com-
pared to each of the three control samples using MISO (version 0.4.9). 15 A 
custom set of hg19 alternative event annotations were generated from the 
Refseq, Ensembl, and UCSC gene models using custom scripts (available 
by request). For this analysis we focused only on the differential inclusion 
and exclusion of "cassette" exons between the DMl and control samples. 

The data were processed using multiple scripts in the graphic interface 
R Studio®, and the splicing events were organized based on whether the 
samples were from DMl patients or from the controls. Following that step, 
one of the outputs from MISO, the percent spliced in (PSI), was averaged 
with a standard deviations of the grouped DMl patients and the grouped 
controls. The averages of the PSI for the DMl patients were subtracted 
from the controls for each splicing event. That result is referred to as the 
delta PSI and was the secondary factor for ranking the significance of each 
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event. The primary factor for ranking the significance of each event was 
another MISO output, the Bayes factor, which is a MISO measure of the 
confidence that the splicing events were actually observed in the samples. 
For example, a Bayes factor greater than five was considered to be signifi-
cant. The comparison data was then filtered based on the criteria described 
below to identify rnisregulated splicing events. 

Filtering criteria: 
• At least ½ of the controls and DMl samples had their PSI values 

retained for that event. 

• The absolute value of the mean delta PSI for each DMl sample and 
each control is greater than 0.05 (i.e., l~V'I 0.05). 

• At least ¼ of DMl patients showed sufficient evidence of differ-
ential splicing compared to the controls (median Bayes factor~ 5). 

The parent genes of the filter splicing events were then matched to 
the ontology terms with which they were associated and subdivided into 
new lists based on terms related to their function. These functional terms 
included contraction, heart, muscle, heart contraction, and muscle contrac-
tion. Next, we searched Pubmed for information about genes included in 
the "heart contraction" and "muscle contraction" lists to see if those genes 
were related to any known diseases of the heart. Finally, a search of the 
significant event list used a list of genes previously found to be related to 
DCM to see if any of the genes were found on both lists. 

Results 

Using MISO, we quantified a total of more than 35,878 unique splic-
ing events from all of our samples. The PSI values for each event were 
averaged for each group of samples and ranked by the number of com-
parisons between DM and control individuals if the Bayes factor was five 
or greater. After applying our filtering criteria, we found that 583 cassette 
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exons showed evidence of differential inclusion in heart tissue derived 
from DMl patients relative to healthy control tissues. Of the parent genes 
for these events, four were associated with the term "heart contraction," 
26 with the term "muscle contraction," 31 with the term "heart," 31 with 
the term "contraction," and 125 with the term "muscle." Three of the four 
genes associated with the term "heart contraction" were previously found 
to be associated with heart conditions (Figure 1). These genes included 
TNNT2, TPMl , and CAMK2D. Of the heart-related genes for which 
we searched on Pubmed, five genes of the 26 events related to the term 
"muscle contraction" were shown in previous research to be related to 
some kind of health condition of the heart. These genes included TNNT2, 
TPMl, 16 CAMK2D,9 TTN, 17 and VCL. 7 By using the term "heart," we 
found one additional gene- MEF2D 18•19- that previous research has seen 
as related to health conditions of the heart. We also found other genes in 
our list of 583 events that have been shown to be implicated in causing 
DCM.7 These genes included LDB3, NEXN, OBSCN, and SYNl. With 
further research we also found one additional gene, PDLIM3,20 to be re-
lated to DCM. This gave a total of 10 genes from 26 events from the list 
of 583 significant alternative splicing events that have been shown to be 
causative factors for DCM. The roles that each gene contributes to DCM 
are shown in Figure l. A diagram of the roles of TNNT2, TTN, TPMl , 
LDB3, NEXN, VCL and OBSCN in the sarcomere is shown in Figure 2. 

Discussion 

The results showed that the ratio of mRNA splice isoforms is differ-
ent in DMl patients than in unaffected, healthy individuals. Altogether we 
identified 583 cassette exon events that passed our stringent cutoff guide-
lines and warranted study. We need to perform qRT-PCR to confirm that 
the splicing events are indeed observed at the rate seen in our study. Of 
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Protein 
GENE Protein Contribution Heart Related Tllness 

to DCM 

TNNT2 Troponin T type 227 Sarcomere27 Dilated Cardiomyo;athy, other 
cardiomyopathies2 

TPMI Tropomyosin I 27 Sarcomere27 Dilated Cardiomyo;athy, other 
cardiomyopathies2 

TTN Titin27 Sarcomere27 Dilated Cardiomyo;athy, other 
cardiomyopathies2 

VCL Vinculin27 Z-disk27 Dilated Cardiomyo;athy, other 
cardiomyopathies2 

MEF2D Myocyte Enhancer Factor 
2D1 s 

Transcription 
enhancer18 

Stress dependent remodeling of 
heart18 

LDB3 LIM domain binding 327 Z-disk27 Dilated Cardiomyo;athy, other 
cardiomyopathies2 

NEXN Nexilin (F actin-binding 
protein/ 7 Z-disk27 Dilated Cardiomyo;athy, other 

cardiomyopathies2 

Obscurin, Cytoskeletal 
OBSCN Calmodulin And Titin-

Interacting RhoGE7 
Protein Kinase7 Dilated Cardiomyopathy7 

SYNI Synapsin 17 Nuclear Dilated Cardiomyopathy7 
membrane7 

PDLIM3 PDZ and LIM domain 327 Cytoskeleton27 Dilated Cardiomyopathy27 

Calcium/Calmodulin-
CAM2KD Dependent Protein Kinase 

Type II Delta Chain9 
Protein Kinase9 Dilated Cardiomyopathy9 

Figure I: Table of Genes Found in DCM and DM I . 

[88] The University of Oregon McNair Research Journal 



Genes- NEXN, 
LDB3, VCL 

Alternative Splicing in the Cardiac Tissue 
of Myotonic Dystrophy Type I Patients 

SARCOMERE 

Titan 
(TTN) 

Tropomyosin 1 and 
Troponin T type 2 

(TPMl AND TNNT2 

Obscurin (OBSCN) 

Figure 2: Genes and Role in Sarcomere. The genes N EXN, LDB3, and YCL make 
up prote ins that are part of the Z-disc. Titan is a large prote in that helps anchor the 
M-Band, A-Band, and I-Band together. Obscurin helps anchor Titan to the Z-band . 
Tropomyosin I is a coil ed protein and helps regulate contraction . Troponin T type 2 
helps regulate ca lcium . 

these 583 alternate splic ing events, we found that many were from genes 
re lated to vital fun ctions of the heart w ith the most impo11ant and descrip-
tive terms being "musc le contraction," "heart," and " heart contraction." 
Of a ll the genes on both I ists, we fo und six that prev ious researchers fo und 
to be related to signifi cant hea lth conditions of the heart. We also fo und 
an additional seven genes of the 583 signifi cant splic ing events that have 
been shown to have mutations that can cause DCM. Thi s gives a tota l of 
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10 genes that have been shown to have a causative effect in DCM and, 
based on this study, show a s ignificant likelihood of being misspliced. 
Because MBNL is impo1tant in deve lopment and regulates the transition 
from fetal to adult isofonns, the genes seen in this study could be reverting 
to their fetal isoforms. If this is occurring, the protein products of these 
isofo rm s may not be able to function properly, thereby leading to DCM. 
This potential is important because DCM commonly causes heart fa ilure 
and sudden cardiac death.21 This findin g is of even greater importance in 
DMI because the second leading cause of death in DMl patients relates to 
cardiac abnormalities. 

Dilated cardiomyopathy has been observed in DM I patients before. 10 

In one case study that examined the autopsies of 12 DM 1 patients, 25% of 
patients had obvious signs of DCM.24 Although the degree of prevalence 
of DCM in DM I patients is not yet known, one of the largest cross sec-
tiona l studies of heart-related illnesses in DM I patients found that struc-
tural abnormalities were present in the fo rm of left ventricular systolic 
dysfunction (20.6%) and reduced global longitudinal strain (2 1.7%).25 

Both abnormalities are signs of DCM,26•27 a lthough DCM was not specifi-
ca lly examined in that cross sectional study. The missplicing of MEF2D, 
a transcription factor that has been shown to mediate stress dependent re-
modeling in the heart,18 could poss ibly add to the effect of DCM in DMl. 
If the mi ssplic ing of the MEF2D gene inhibits thi s protein 's function, then 
it will be unable to mediate the stress caused by DCM, which could lead to 
more severe clinical effects of DCM. 

Most of the genes found in relation to DCM and the genes found in 
this study have some function in the sarcomere of musc le7 (Figure 2). In 
past studies of the genes in DCM, researchers observed mutations that 
inhibited the proper fun ctions related to muscle contraction.7 Given the 
large number of mutations that contribute to DCM, the pathophysio logy is 
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complex and not completely understood.26 Many mutations have been ob-
served in genes that directly contribute to DCM through truncations of the 
protein product.27 The most investigated genes include TTN, TNNT2, and 
TPMl.7 In both TTN and TNNT2, some of the mutations that contribute 
to DCM include mutations that cause missplicing.28 Therefore, it would 
be possible for missplicing in at least two of these genes to lead to DCM. 
Whether the same missplicing events seen in DMl can contribute to the 
same missplicing seen in these genes in some cases of DCM requires fu-
ture study. 

The results of this research suggest many possible areas of future re-
search. For example, researchers could investigate the functional role of 
the 10 genes misspliced in DMl that are also implicated in other heart con-
ditions. To do so, it would be important to confirm these splicing events 
using qRT-PCR. It could also prove useful for future studies to see if any 
other kinds of splicing events could contribute to DCM as our study exam-
ined only one kind of missplicing event. It will also be important to study 
the functions of the aberrant isoforms expressed as a result of the missplic-
ing in DMl to understand the consequences of this misregulation. All of 
the genes under study were shown to have at least one of these events, and 
many had far more. If the function of these genes is inhibited in the same 
way as the mutations seen in these genes in DCM, the misfunction of those 
genes could perhaps cause DCM. We will have to test these genes to see if 
the observed alternative splicing events could mimic these mutations and 
if the rates of alternative splicing are significant enough to do so as well. 
By completing these tests, we may actually be able to see if any of these 
genes with the splicing seen in DMl are responsible for DCM in DMl 
patients and perhaps their premature death. 
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