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Abstract
The prevailing pathomechanistic paradigm for myotonic dystrophy (DM) is that aberrant
expression of embryonic/fetal mRNA/protein isoforms accounts for most aspects of the pleiotropic
phenotype. To identify aberrant isoforms in skeletal muscle of DM1 and DM2 patients, we
performed exon-array profiling and RT-PCR validation on the largest DM sample set to date,
including Duchenne, Becker and tibial muscular dystrophy (NMD) patients as disease controls,
and non-disease controls. Strikingly, most expression and splicing changes in DM patients were
shared with NMD controls. Comparison between DM and NMD identified almost no significant
differences. We conclude that DM1 and DM2 are essentially identical for dysregulation of gene
expression, and DM expression changes represent a subset of broader spectrum dystrophic
changes. We found no evidence for qualitative splicing differences between DM1 and DM2.
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While some DM-specific splicing differences exist, most of the DM splicing differences were also
seen in NMD controls. SSBP3 exon 6 missplicing was observed in all diseased muscle and led to
reduced protein. We conclude there is no widespread DM-specific spliceopathy in skeletal muscle
and suggest that missplicing in DM (and NMD) may not be the driving mechanism for the muscle
pathology, since the same pathways show expression changes unrelated to splicing.
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1. Introduction
Myotonic dystrophy (DM) is the most common adult-onset muscular dystrophy and
characterized by a pleiotropic phenotype with multisystem involvement [1, 2]. Although
mutations have been identified, the pathomechanisms are incompletely understood, and
presently there is no effective treatment. DM type 1 (DM1) and type 2 (DM2) are caused by
different unstable, non-coding microsatellite expansions--(CTG)DM1 in DMPK [3–5] and
(CCTG)DM2 in CNBP (ZNF9) [6, 7]. Despite similar mutations, DM1 and DM2 are
clinically distinct diseases and the basis for these differences is as yet unknown [2]. Since
transcription of the mutant repeats into (CUG)DM1/(CCUG)DM2 appears to be necessary and
sufficient to cause disease [8, 9], the prevailing paradigm is that DM1 and DM2 are toxic
RNA gain-of-function diseases [10–13]. Mutant RNAs form ribonuclear inclusions that
sequester splice factors of the MBNL family, resulting in a number of embryonic/fetal
isoforms being aberrantly expressed in adult tissues, with over 30 genes verified as
misspliced to date [12, 14–17]. Thus, efforts to understand the pathomechanisms in DM
have so far focused primarily on aberrant splicing. However, while missplicing of the
chloride channel CLCN1 can account for the myotonia [18–22], the pathogenic roles of the
other aberrantly spliced genes has not been experimentally demonstrated and remain
circumstantial.

Evidence from several different animal models suggests that splicing, RNA foci, and muscle
pathology are separable events [23–26] and strongly suggest the existence of additional
pathomechanisms (recently reviewed in [2, 27]). Moreover, studying human patients and
mouse models of muscular dystrophies not associated with toxic RNAs, we and others
recently reported that splicing changes may be a much more general phenomenon of muscle
disease and can be secondary to muscle regeneration [28, 29]. These findings raise questions
concerning the extent to which missplicing plays a major role in the disease phenotype and
whether expression or splicing changes in DM are specific to this disease or are common
manifestations of dystrophic muscle in general. There is, as yet, no comprehensive study of
expression and splicing for human DM skeletal muscle that addresses these issues,
especially comparing DM1 to DM2, or DM (DM1 and/or DM2) to non-DM dystrophies.
The purpose of our study was to elucidate the relative contributions of aberrant splicing and
aberrant expression to the DM phenotype and to distinguish DM1- and DM2-specific events
from those common to all dystrophic muscle. To this end, we performed global array-based
expression and splicing profiling using the Affymetrix Exon 1.0 ST array. Along with
skeletal muscle samples from DM1, DM2 and normal individuals, we also profiled samples
from patients with non-DM inherited muscular dystrophies.
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2. Materials and Methods
2.1 Overall experimental design

After confirming molecular diagnosis using patient DNA [7, 30], total RNA was extracted
from skeletal muscle samples and used for both cDNA preparation and array hybridization
[31]. Following analysis of the array data, pathway analysis was conducted on various gene
lists resulting from these analyses and verification of aberrant splicing by RT-PCR was
attempted for select genes identified as expressing alternative transcripts.

2.2 Patient Samples
For the exon array profiling we used a panel of 28 retrospective skeletal muscle biopsies
from DM1 (n=8), DM2 (n=10), Becker muscular dystrophy (BMD, n=3), Duchenne
muscular dystrophy (DMD, n=1), tibial muscular dystrophy (TMD, n=2) and normal
skeletal muscle (n=4). Patient samples were obtained through the active collaboration and
sharing of patient samples within the European Neuromuscular Centre (ENMC) consortium
on DM2 and Other Myotonic Dystrophies [32]. Following informed consent samples were
collected with the appropriate oversight at the institutions of the various collaborating
investigators. Normal control RNAs were purchased commercially (Ambion, Biochain, and
Stratagene). A subset of these samples was used for alternative splicing verification by RT-
PCR. Several additional patient samples were included in the splice validation panel, but not
the array experiment. Samples and assays run are described in more detail in Table 1.

2.3 Verification of diagnosis for DM1 and DM2
Presence or absence of DM1 or DM2 expansion mutations were verified by PCR-based
molecular genetic diagnostic procedures as previously described [7, 30]. Two alleles
observed at DMPK or CNBP/ZNF9 was considered sufficient reason for exclusion of a
diagnosis of DM1 or DM2, respectively. Repeat-primed PCR (RP-PCR) was performed on
all samples and was used to distinguish between homozygous samples and those with
amplification-resistant expansions.

2.4 RNA extraction
RNA was extracted using the TriZol Reagent according to the manufacturer's suggestions
(Invitrogen, Carlsbad, CA) and further purified using the RNeasy kit (Qiagen Inc., Valencia,
CA). The quality and integrity of the RNA was then analyzed on an Agilent Bio- Analyzer
(RNA 6000 Nano LabChip). Total cellular RNA samples with a RIN (RNA integrity
number) >7 were used for further microarray studies [31].

2.5 Microarray exon profiling
Microarray experiments were performed with appropriate randomization in order to avoid
confounding on one or more variables. For exon profiling on the Human Exon 1.0 ST array
(Affymetrix Santa Clara, CA), RNA was processed for hybridization using a pre-
commercial version of the Affymetrix GeneChip Whole Transcript (WT) Double-Stranded
Target Labeling Assay for preparation of double-stranded (ds) target DNA (first generation
protocol) or the Affymetrix GeneChip Whole Transcript (WT) Sense Target Labeling Assay
for preparation of single-stranded (ss) target DNA (second generation protocol). Pre-
commercial versions of the kits contained identical formulations to the commercial versions.
Sample hybridization, washing and scanning was performed according to manufacturer's
recommendations and as previously described [31].
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2.6 Exon array data analysis
Exon arrays were analyzed by several methods. Initially, arrays were quantified using the
PLIER algorithm introduced by Affymetrix as previously described [31]. The arrays were
quantile-normalized, and GC-specific background was estimated and subtracted using the
PM-GCBG option. All quantifications used log2(PLIER + 8) values, where the value “8” is
an arbitrary shrinkage constant. PLIER summarizes groups of probe-level intensities, and we
used two different groupings: (1) all probes within a single probe set region (PSR), and (2)
all probes within a given gene. Genes were defined as RefSeq clusters using groupings of
PSRs supplied by Affymetrix. Exon numbering within genes was checked by mapping the
reported sequences against data from the UCSC genome browser (Build hg16).

Subsequently, arrays were reanalyzed using the Partek Genomics Suite (Partek Inc., St.
Louise, MO), employing the workflow for exon arrays, and aligned to genome Build hg18.
In this analysis only the core set of probes (as defined by Affymetrix) were included. To
identify alternative PSR usage we calculated a Splice Index (SI), similar to that described by
Du et al. [16], from the RMA normalized log2 probe intensities for each core PSR using the
formula:

Individual PSR p-values were calculated using t-tests, and Benjamini-Hochberg correction
for multiple testing was applied. In order to qualify as having alternative expression, a PSR
had to meet three criteria: (1) SI≥1.5; (2) Benjamini-Hochberg adjusted p-value≤0.05; and
(3) an overall gene expression fold-change FC<|3|. This latter exclusion was necessary
because strong over- or under-expression distorts the SI.

Annotation of probe sets was extracted from the “UCSC Alt Events” tract from the UCSC
Genome Browser (Build hg18). This track shows various types of alternative splicing and
other events that result in more than a single transcript from the same gene, and is based on
an analysis by the txgAnalyse program of splicing graphs produced by the txGraph program.
Both of these programs were written by Jim Kent at UCSC.

2.7 cDNA synthesis
Total RNA from skeletal muscle was used to generate cDNA by standard methods. Briefly,
for each sample 5 μg of total RNA were DNaseI treated (Ambion, Austin, TX) according to
the manufacturer's suggestions. Absence of contaminating DNA in the RNA samples was
confirmed by performing PCR on total RNA and appropriate genomic DNA controls using
primers designed to amplify only an untranscribed genomic sequence. DnaseI-treated RNA
was split in half, and first-strand cDNA synthesis was performed on each half in separate
reactions using either random hexamer or oligo-(dT) priming according to the
manufacturer's protocol (SuperScript™ III First-strand cDNA Synthesis Kit, Invitrogen,
Carlsbad, CA). All cDNAs were then Rnase H treated. Equal amounts of random hexamer
and oligo-(dT) primed cDNA were pooled and diluted to 200 μl with molecular grade
RNAse-free H2O for use in RT-PCR reactions.

2.8 RT-PCR for isoforms quantification
Assays were designed to validate and quantify preferential isoform usage for selected genes.
A total of 17 previously published events were tested along with 27 novel events, predicted
by the array analysis. A subset of the samples used for the exon array comprised this panel
(DM1, n=3; DM2, n=6; NMD, n=5; and N, n=5). Specific samples included are indicated in
Table 1. We also verified aberrant splicing of INSR and MAPT by gel electrophoresis for
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these samples. Primers for each assay are described in Table S1. Several of the assays were
designed to detect multiple predicted events. To estimate the relative amounts of each
isoform present, we performed RT-PCR in a three-primer reaction incorporating a universal
primer with a fluorescent label for quantification [28, 30]. Each RT-PCR was performed in
log-linear range (28–32 cycles, determined empirically) with 2–3 μl of cDNA as template
(12.5–18.75 ng starting total RNA-equivalents). Capillary electrophoresis on an ABI3100
Genetic Analyzer allowed peak heights for each isoform to be measured. For each sample,
peak heights were added together to determine the total signal for the transcript. The
Inclusion Index was calculated for each peak as a percent of the total signal for that sample.
Differences between groups were tested for significance using two-sample t-tests.

2.9 Pathway analysis and functional annotation
Pathway analysis of differentially regulated genes identified by expression profiling was
performed using the Ingenuity Pathway Analysis software (IPA, Ingenuity Systems, Release
Number: 5.5 – 2233, http://www.ingenuity.com). IPA analysis uses the right-tailed Fisher
Exact Test to define the most relevant functional categories and canonical pathways
(Ingenuity Pathway Analysis-Canonical Pathways, IPA-CP).

2.10 Western blot analysis of SSBP3
Western blotting for SSBP3 protein was performed on skeletal muscle whole cell lysates
using standard procedures [33]. Anti-SSBP3 polyclonal antibodies were raised in rabbits
against unique peptide epitopes. The specificity of these antisera to detect SSBP3, and not
the related members SSBP2 and SSBP4, was verified. None of the samples used for Western
blotting were the same as those used for either the exon microarray or RT-PCR validation
experiments and have not been included in Table 1.

3. Results
3.1 Array QC and overview

For initial quality control all samples were analyzed together as one group. Intensity
distributions across all 228,872 core probes for the 28 skeletal muscle biopsies are shown in
Fig. S1A. Tight distribution of signal was indicative of uniform quality across all samples.
Principle component analysis (PCA) showed no clustering by scan date, indicating that there
were no batch effects (Fig. S1B). Samples clustered primarily by their status as diseased or
normal; all diseased muscle samples clustered together by PCA (Fig. S1C). Sources of
variation in the experiment, as determined by ANOVA, are depicted in Fig. S1D. Disease vs.
normal status accounted for the majority of the variation, while contributions of specific
diagnosis, age, gender, and biopsy site were negligible and comparable to that of error. This
finding suggested that all the dystrophic samples were very similar to each other and that
mRNA expression in DM muscle was not notably different from other dystrophic muscles.
We noticed that there seemed to be more sample-to-sample heterogeneity in the DM1 group,
compared to the DM2 and NMD groups (Fig. S1E). All microarray data is publicly available
(GEO, http://www.ncbi.nlm.nih.gov/geo/, accession number GSE48828).

3.2 Expression analysis
In order to address the question of how similar or different these dystrophies are with respect
to mRNA expression, and whether there are significant disease-specific differences between
DM1 and DM2, we used the Partek Genomics Suite to perform ANOVA-based expression
analyses comparing each disease group to normal (DM1 vs. N, DM2 vs. N, and NMD vs. N),
as well as each disease group to the others (DM1 vs. DM2, DM1 vs. NMD, and DM2 vs.
NMD).
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Table 2 summarizes the results of the various expression analyses and presents counts of
transcripts with p-value<0.05 and |FC|>2 at FDR=0.05. Fig. 1A shows a Venn diagram
depicting the intersections of the disease vs. normal comparisons for transcripts passing
these filters. A complete list of transcripts detected in all comparisons, along with their fold
change, p-value, and whether they are flagged as passing all filters can be found in Table S2.

While the ratio of up- and down-regulated transcripts was about 50:50 for NMD vs. N, in
DM vs. N over-expression was more frequent than under-expression. This deviation from
the expected 50:50 ratio in both DM1 and DM2 was highly significant by X2 test (DM1, p-
values=0.0040; and DM2, p-values=0.0195; Table 2). Importantly, very few genes (n=2;
<0.1%) were significantly dysregulated in the direct comparisons between the different
disease categories (Table 2), underlining the extensive molecular similarities between these
various dystrophies.

3.3 Expression differences between DM1 and DM2
While intersection of the lists of dysregulated genes in the comparisons DM1 vs. N and
DM2 vs. N identified a number of genes unique to each list, a direct comparison between
DM1 and DM2 by ANOVA identified only three genes that passed FDR=0.05 and only two
had a fold-change FC>|2| (EGR1, FC −7.35; FOS, FC −8.14). For these two genes the
variation between DM1 samples was high, while variation between DM2 samples was not. It
is not clear whether this heterogeneity was the primary driver of the observed difference.
Dot plots showing log-intensities for all samples for EGR1 and FOS are shown in Fig. S2A–
B.

3.4 Expression differences between DM and NMD
Intersection of gene lists from all three neuromuscular disease vs. normal comparisons
identified 362 shared transcripts, encompassing 344 unique annotated genes with shared
dysregulation between all three groups, highlighting their similarity. Similar to the DM1 vs.
DM2 comparison, there were many non-overlapping transcripts. However, direct
comparisons of disease vs. disease showed a different picture. For DM1 vs. NMD, only four
genes pass the FDR=0.05 filter. These were C21ORF82 (FC 2.46), DYNC1I1 (FC −1.57),
SOX6 (FC 1.47), and C1QTNF3 (FC 1.49). Dot plot for C21ORF82 is shown in Fig. S2C. In
the case of DM2 vs. NMD, only 11 genes were under-expressed in DM2 and 18 over-
expressed by ≥2-fold. The most over-expressed gene was HCN1 (FC 3.65) and the most
under-expressed was IGF2 (FC −2.72). Dot plots for several of these genes are shown in
Fig. S2D–H.

3.5 Dysregulation of genes containing (CAG)n/(CUG)n repeats
It has been shown that the expanded (CUG)DM1 repeat in the DMPK transcript is a target of
Dicer [34] and, as such, complementary sequences in other mRNAs may render them
subject to degradation via RNA-induced silencing complex (RISC) pathways. Because
bidirectional transcription is sometimes a feature in repeat expansion diseases [35], we
considered the possibility of both CAG and CUG fragments resulting from the actions of
Dicer. To determine whether steady-state levels of transcripts containing polymorphic
(CAG)n or (CUG)n repeats are disproportionally down-regulated in DM1, we identified 160
unique human genes containing at least 6 tandem CAG or CUG repeats that were detected in
our skeletal muscle samples. Altogether, this represented about 1% of all detected
transcripts. Representative repeat lengths varied from 6 to 42 repeats (RefSeq). The majority
of transcripts (82% overall) had the repeat in the open reading frame (ORF). This was
interesting and unexpected, given the polymorphic nature of many of these repeats and the
inevitable effect on the resultant protein sequence. (CAG)n repeats were more numerous
than (CUG)n repeats and had a wider range of sizes.
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The transcripts and their repeats are described in Supplementary Table S3, along with the
fold-changes observed in DM1 vs. N, DM2 vs. N and NMD vs. N for each. We determined
whether fold-change relative to normal tissue (trichotomized to FC<1.5 down-regulated,
unchanged, and FC>1.5 up-regulated) was related to the presence of a (CAG)n or a (CUG)n
repeat in the transcript. Checking for association with both χ2 tests and Fisher's exact tests
showed no significant association for (CUG)n-containing transcripts, but a marginal
association between fold-change and (CAG)n-containing transcripts for DM2 and NMD,
which did not remain significant after correction for multiple testing. Plotting the fold-
change against the representative repeat length for CAG and CUG separately, we observed a
slight bias towards under-expression for transcripts with (CUG)n repeats and over-
expression for those containing (CAG)n, which was not correlated with repeat length (Fig.
S5). Similar investigation was conducted by Osborne and colleagues [36] using the HSALR

mouse model of DM1. They identified 11 transcripts containing (CAG)n tracts longer than
19 nucleotides that were dysregulated in HSALR mice but not Mbnl1−/− or Clcn1-deficient
mice. For seven of these 11, the (CAG)n tract was conserved in humans. Of these seven
transcripts, we detected six in our samples, none of which were dysregulated at FC>|1.5|.
MED12 showed a tendency towards up-regulation with FC>1.4, but this was observed in all
three sample groups, thus could not have been related to the presence of a repeat expansion
mutation.

3.6 Pathway analysis of expression results
We used the Ingenuity Pathway Analysis program (IPA) to explore functional relationships
between genes dysregulated (≥2-fold) in common between DM1 and DM2. The 521
transcripts in the intersection of (DM1 vs. N) and (DM2 vs. N) (Fig. 1A) represent 475
unique annotated genes, 468 of which were mapped to pathways and used by IPA in the
analysis. To further understand the relationship between DM-specific and generic dystrophic
changes, we also conducted pathway analysis using only the genes common to all 3 groups
and those unique to NMD. Genes central to networks that were prominently dysregulated in
DM1 and DM2 included RNA polymerases, growth arrest and DNA damage inducible
genes (GADD45A and GADD45B), CDKN1A (Fig. 2), the collagen network, and genes
regulated by MYC (Fig. S4B). One NMD-specific network featured muscle structural genes,
including multiple myosin genes and ABLIM1, which were not dysregulated in the DM1/
DM2 intersection group (Fig. S4A). Numerous networks dysregulated in the NMD group
were also shared with the DM (DM1 and DM2) groups. Figure S4C shows one of these
networks, centered on MYC, and Fig. S4D shows another shared network that includes
NFKB and SSBP3. These data support the hypothesis that, while entry points may differ for
individual diseases, the downstream pathomechanisms are shared among different
genetically distinct muscular dystrophies.

3.7 Splice variant analysis of array data
We initially took several approaches to the identification of genes containing differentially
spliced exons. Results varied considerably depending on which probe sets (all, extended, or
core) were used, and how outliers were identified. We first used the approach we had
previously implemented and used successfully to identify missplicing events in glioblastoma
brain tumors [31], another approach was the ANOVA-based method employed in the Partek
Genomic Suite. Both methods identified a very high proportion of false-positive events, as
evidenced by the failure to validate microarray predicted events by RT-PCR assays.
Additionally, for the Partek analysis, it was not clear at what p-value significance should be
defined, since over 50% of the transcripts had p-values≤0.05. For all methods, large
expression differences or the presence of a large number of probes in a transcript tended to
distort results, and many false-positives were encountered when validation was attempted.
Finally, we settled on a system using only the Affymetrix core probe set and the splice index
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calculation described in the Materials and Methods section. This algorithm eliminated one
source of false-positive signal, namely the effect of expression differences, while correcting
for multiple testing. Overall, this method appeared to be conservative rather than inclusive
and identified far fewer significant events than did the previous methods. Thus, while we
expected to encounter many false-negatives, we predicted that false-positives would be
lower than with the previous methods. Results obtained with this method are summarized in
Table 3. The Venn diagram describing the overlap between the sample groups is shown in
Fig. 1B; Table S4 contains the corresponding splice indices (SI) and adjusted p-values for all
228,872 core PSRs detected in this sample set for the three disease vs. normal comparisons.
It is worth noting that the number of PSRs passing the three filters was small for DM1 vs.
N--only 67 probe sets in 60 genes. For DM2 vs. N, there were 1,789 flagged PSRs, the
majority of which do not overlap with the other two comparisons. Out of 33 missplicing
events that have been reported to be associated with DM, none were flagged as significant in
DM1 and just three in DM2 (Table 5). There was also considerable differential isoform
usage for the NMD sample set, when compared to normal, with many flagged probe sets
shared between DM2 and NMD.

3.8 Independent verification of alternative splicing in dystrophic muscle samples
Because most published missplicing events in DM were not identified by the array analysis,
it was necessary to confirm that the samples we used did indeed show differential isoform
usage for the reported genes. Therefore, we performed isoform specific RT-PCR using the
quantitative fluorescent method previously described [28, 33] for seventeen published
missplicing events using a subset (n=19) of the array samples (DM1, n=3; DM2, n=6; NMD,
n=5; and N, n=5; Table 1). A summary of the results, including the p-values obtained from
t-tests comparing the three groups (DM1, DM2 and NMD) to normal samples, is shown in
Table 4. All of the predicted aberrant splicing events were confirmed for DM2. Eleven
events (65%) were confirmed for the DM1 samples; however, the DM1 validation sample
set was smaller (n=3) and not all samples could be successfully amplified for all genes.
Thus, the failure of statistical confirmation was likely due to technical issues. Of particular
interest was the observation of significant missplicing in the NMD set for seven of the 17
(41%) genes. We previously reported missplicing of MEF2A and MEF2C in NMD samples
[28]. However, we did not expect missplicing of MBNL1, NRAP, TNNT2, or TTN, which
had previously been reported for DM1 and are generally considered to be DM-specific.
Although splicing of ATP2A1 (SERCA1) in NMD samples was also significantly different
from normal, the data show that while some exclusion of exon 22 is present in all NMD
samples, the percent exclusion is lower than in DM (Fig. S3A). Thus exclusion of exon 22
of ATP2A1 is most pronounced in DM, but with some tendency towards more generic
occurrence. Genes where aberrant isoform usage was completely DM-specific were
FHOD1, LDB3 (exon 7), MBNL2, PDLIM3, RYR1 and TNNT3. No NMD RT-PCR data was
available for ANK2, CAPZB, or the CLCN1 fetal exon. However, retention of CLCN1 intron
2 was not DM-specific and was seen by gel electrophoresis for all dystrophic samples,
including NMD (Fig. S3B).

3.9 Array results for confirmed aberrant events
Using the published information for 33 reported missplicing events in DM (Table 5), we
identified the corresponding PSRs on the exon array, when present. Table 5 summarizes this
information along with the splice indices (SI) and p-values for each of the 36 PSRs (three
events are interrogated by two PSRs), if detected in our samples. Of the 33 reported events,
six were not represented at all on the array, five additional PSRs were not in the core set,
and three of these core probes did not detect the interrogated sequence in our samples. Of
the remaining 22 detected PSRs, only three were flagged as significant by our criteria:
MBNL2 (exon 7), MEF2A (exon 5a), and PDLIM3 (exon 5a), and those only in DM2. LDB3
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exon 7 passed the SI and p-value thresholds in DM2, but was overexpressed >3-fold and
therefore was not flagged. Several other events had significant SI and unadjusted p-values,
but failed to pass the correction for multiple testing. These included events in MBNL2,
MEF2A, MEF2C and PDLIM3 for DM1, MBNL1, SMYD1 and MEF2C for DM2, and
MBNL2, MEF2A, MEF2C and PDLIM3 for NMD. If we relaxed our criteria accordingly, the
analysis could identify up to six of 22 potentially detectable PSRs (27%). None of the other
methods identified more than two of the published missplicing events. Therefore, we
concluded that, while the SI method of splice variant analysis was relatively insensitive, in
that it only detected a small fraction (3 of 22) of the known events, its positive predictive
value (PPV), the fraction of events it predicted which we were actually able to validate, was
fairly good (100% of the DM2 events, 65% of the DM1 events, and 41% of the NMD
events). We further concluded that novel flagged missplicing events actually represented a
subset of true events and therefore reasonable generalizations about pathways could be
made.

3.10 Validation of novel DM missplicing events
We attempted validation on 27 predicted missplicing events identified using our first
analysis method. PSR sequence from the array annotation was used to identify the exons to
be tested. Primers are described in Table S1. While amplification was successful for all
assays, only one was positive for the predicted differential splicing, namely exon 6 of SSBP3
(Fig. 2). The single validated event, inclusion of exon 6 of SSBP3, was identified by our
initial splice variant analysis algorithm [31], but is not represented in the core probe set used
for the SI calculation. We therefore performed calculation of SI using additional probes (Fig.
2A). Upon validation by quantitative RT-PCR (Fig 2A–B), this exon was seen to be
differentially spliced in DM1 (p-value=0.00126) and DM2 (p-value=0.00348; Fig. 2C).
Although no validation data is available for NMD, the SI calculation confirmed that this
alternative splicing event also occurs in NMD.

In addition to missplicing, SSBP3 also showed a trend towards downregulation in all three-
disease groups, with fold-changes ranging from FC-1.25 in NMD to FC-1.45 in DM2. To
determine whether the missplicing correlated with reduced protein expression, we performed
western blotting on both DM1 and DM2 skeletal muscle extracts. While the size difference
between the two isoforms precluded resolution, we observed reduction of overall protein
levels compared to normal skeletal muscle (Fig. 2D–E). Fig. S4D shows one network of
genes, including SSBP3, dysregulated in all three groups. Several known interacting protein
partners of SSBP3 in this network, including LDB1, TAL1, TRIM33, ANKRD5 and ZNF226,
are upregulated at the mRNA level.

For the 27 candidate missplicing events, only 15 showed the predicted isoforms. In the
remaining 12 cases, RT-PCR products were monomorphic and the predicted alternative
isoforms were not observed. While there was significance for two events, 13 of 15 showed
no significant difference between the groups by quantitative RT-PCR. For TPD52L2 exon 4,
significant differential splicing was observed, but in the opposite direction to that predicted
by the array. Results are presented in Table 6. Because of the poor prediction of known
events by the exon array (Table 5) and the high failure rate for validation of novel candidate
splicing events predicted by our first analysis method (Table 6), we elected not to commit
our limited RNA/cDNA from patient biopsies for further validations. Instead, the high RT-
PCR validation failure rate prompted us to search for a more reliable predictive algorithm
for the splice variant analysis of exon array data. The resulting SI algorithm, which gave us
improved prediction of known events, is described in the Materials and Methods section.
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3.11 IPA analysis of differential PSRs in DM
We performed pathway analysis on the genes containing the flagged PSRs shared in the
comparisons (DM1 + DM2) vs. N. IPA analysis was performed separately on the probes
annotated as 5', 3', or cassette. In general, irrespective of whether we analyzed genes with
alternative splicing common to DM1 and DM2, or to all three disease groups, we obtained
the same set of pathways for 5', 3', or cassette exon probe sets that were seen as dysregulated
in the expression analysis. The majority of genes where diseased muscle exhibited
alternative isoforms were functionally related to development, gene expression and
signaling.

3.12 Comparison of dysregulated genes to genes mutated in inherited neuromuscular
disorders

The World Muscle Society (WMS; http://www.worldmusclesociety.org/) lists 333 unique
genes that have been identified as harboring mutations that cause 685 inherited
neuromuscular disorders (http://www.musclegenetable.fr). In order to further identify
unifying themes in dystrophic muscle, we compared this list to the lists of genes
dysregulated in our DM1, DM2 and NMD samples. The complete list of overlapping genes
and their mutated phenotypes are presented in Table S5. For DM1, 19 genes were shared
between both lists; for DM2 there were 29 shared genes, and for NMD 24 shared genes. Ten
genes appeared on all lists: AKAP9, ANK2, CLCN1, LAMA4, LDB3, MYLK2, SCN4A,
SGCD, SLC22A5, and SYNE1. In all, 40 genes from the WMS list were dysregulated in one
or more of the three disease categories. The diseases caused by mutations in many of these
shared genes share common features with the DM phenotype, including not just skeletal
muscle myopathies, but also cardiomyopathies, arrhythmias and myotonia.

4. Discussion
The prevailing pathomechanistic paradigm for DM is that the aberrant presence of
embryonic isoforms is responsible for many, if not most, aspects of the pleiotropic DM
phenotype. Our objective in conducting this study was to identify such aberrantly expressed
isoforms in skeletal muscle. Our sample set was the largest collection of DM samples to be
analyzed to date using the Affymetrix Human Exon 1.0 ST array, and included a number of
non-DM neuromuscular disease samples as disease controls. Inclusion of non-DM
neuromuscular disease allowed for distinction of DM-specific changes from more generic
muscle disease manifestations.

Overall, we found the Affymetrix exon array to be an excellent platform for expression
analysis, in that it uses probes spanning the whole gene, thus avoiding the bias often
encountered with previous generation 3-prime arrays and potentially detects more
dysregulated genes. Our single most striking finding was that most of the expression
changes associated with DM were also seen in the non-DM dystrophies. Direct comparison
between DM and the other dystrophies in this study identified almost no significant
differences. Our findings support the premise that there are few changes in expression that
are specific to DM muscle, but rather that expression changes in DM muscle represent a
subset of a broader spectrum of dystrophic changes.

Interestingly, we identified many more dysregulated genes in DM2 than in DM1. This was
unexpected, and suggested the possibility that DM2 may be either phenotypically more
heterogeneous at the cellular level, or mechanistically more complex than DM1. It is likely
that additional pathomechanisms are indeed operative in DM2 muscle, possibly due to
reduced expression of CNBP [46] or to a reported translational defect [47], but whether
these are sufficient to explain the observed differences between DM1 and DM2 remains to
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be determined. We noted that the DM1 group had, in general, more sample-to-sample
heterogeneity, possibly related to variation in repeat length. This heterogeneity could have
confounded the identification of dysregulated genes, thus contributing to the larger list of
genes dysregulated in DM2, where repeat length has not been reported to be an issue in
phenotypic variation [2]. A direct comparison of DM1 to DM2 identified only three genes
significantly different between them. Therefore, we concluded that DM1 and DM2 are
qualitatively identical with respect to dysregulation of gene expression. While the ratio of
up- and down-regulated transcripts in NMD vs. N was about 50:50, overexpression was
significantly more frequent in DM than underexpression. This overall bias towards increased
steady-state mRNA levels in DM, but not NMD, could be a reflection of the proposed role
of MBNL depletion in reduced translation of a subset of mRNAs [17].

Osborne and colleagues [36] performed expression profiling with the Affymetrix Mouse
Genome 430 microarray on HSALR DM1 transgenic mice expressing (CUG)250, and
compared their results to profiles of Clcn1 or Mbnl1 null mice. They found that the majority
of expression changes in the HSALR mice could be attributed to Mbnl1 sequestration.
Similar to our findings, genes related to calcium signaling and homeostasis were among the
most dysregulated. However, among their top 20-dysregulated genes only five were found to
be dysregulated (FC>|1.3|) in our DM1 vs. N comparison. These were PLEKHO1 (FC
-1.96), UCHL1 (FC -1.71), GDAP1 (FC 1.49), EDA2R (FC 1.56), and CILP (FC 1.94). All
five were similarly dysregulated in DM2, while PLEKHO1 and CILP were also dysregulated
in NMD (FC -1.89 and FC 2.69, respectively). It is worth noting that PLEKHO1 and
UCHL1 were dysregulated in the opposite direction in our human samples from the HSALR

mice. Overall, it does not appear as if the HSALR mice are a close model for gene expression
in human DM1 patients. Nevertheless, the shared dysregulated genes deserve closer
attention.

Using differential display RT-PCR, Zhang and colleagues [48] examined differential
expression between normal and pathological skeletal muscles from the same autosomal
recessive LGMD patient. Overall, they observed down-regulation of structural proteins of
skeletal muscle fibers and up-regulation of proteins involved in signal transduction and
regulation of gene expression. Of the 27-dysregulated genes identified by them and also
detected in our skeletal muscle samples, 10 were concordantly dysregulated in both DM1
and DM2 and nine of these were similarly dysregulated in NMD. This high proportion of
shared dysregulated genes between LGMD, DM and the other dystrophies studied here
provide further evidence for the generic nature of many expression changes in dystrophic
muscle.

Not surprisingly, a number of the dysregulated genes were those which, when mutated, are
responsible for other neuromuscular diseases. We compared our lists of dysregulated genes
with the World Muscle Society list of neuromuscular inherited diseases (http://
www.worldmusclesociety.org/). This analysis showed that there are basically two groups of
genes that are both dysregulated in these dystrophies and mutated in neuromuscular
diseases. The first group, dysregulated primarily in DM, codes for muscle structural
proteins, represented by myosins, tropomyosins and other cytoskeletal proteins (e.g.,
dystrophin and nexin). The second group, dysregulated to some extent in all disease groups,
was primarily regulatory and related to the NFKB complex.

We also examined the possibility that Dicer-mediated degradation of the DM1 repeat
transcript or its antisense counterpart might influence the steady-state levels of other
mRNAs containing normally polymorphic CAG or CUG repeats [34]. As reported
previously [36], we found no evidence for altered steady-state levels for (CAG)n/(CUG)n
containing transcripts as a class. However, from our study it was not possible to determine
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whether repeat fragments resulting from the increased Dicer activity had any effect on
translation.

Because of the location of probe sets in most exons, the Affymetrix Exon Array should
provide an excellent platform to detect alternative isoform usage [49, 50]. We and others
have successfully used it for this purpose in a number of studies [31, 49, 51–56]. We were,
however, disappointed to discover that aberrantly spliced exons in DM were not readily
identified using this exon array platform. We failed to identify a number of known and
validated events, even when probes on the array represented the relevant exon. There are
several possible explanations for these false-negative results, including technical issues
relating to probe sequence and hybridization kinetics as well as biological issues such as
sample heterogeneity and subtle isoform differences. However, in our opinion, the problem
of false-positive results is the most serious limitation of this platform. Large transcripts
(with >20 PSRs) have so much probe-to-probe variability that small differences between
sample groups become significant, even in the absence of true alternative splicing. Skeletal
muscle contains many such large structural genes, and these nearly always gave false-
positive results for differential splicing. Since simple ANOVA cannot filter out this “noise,”
we and other groups developed splice index calculations using several distinct yet similar
approaches [57]. However, it appears that such analytical approaches cannot sufficiently
reduce this complexity to unequivocally identify differently spliced genes in disease muscle.

One novel missplicing event identified in this study occurred in SSBP3. Human SSBP3 was
first identified as a member of an evolutionarily conserved and ubiquitously expressed gene
family with possible involvement in cancer [58]. The best characterized biochemical activity
of SSBP3 is its ability to directly bind and protect the Lim Domain Binding Protein 1
(LDB1) from degradation [59–62]. SSBP3 was recently also shown to be required for
neuronal morphology [63]. SSBP3 expression is high in skeletal muscle, heart, brain, kidney
and hematopoietic tissues, but little is known about either its function in muscle or its
isoform-specific functions. Here, we have demonstrated missplicing of exon 6 of SSBP3 at
variable levels in DM1, DM2 and NMD, and reduced overall protein levels in DM. Several
known targets or interacting partners of SSBP3, including COL1A1, COL1A2, COL3A1,
LDB1, TAL1, TRIM33, ANKRD5 and ZNF226, were upregulated at the mRNA level,
consistent with a possible repressive role for SSBP3 in transcription of these genes. Pathway
analysis also suggests that SSBP3 may have links to the NFKB network, persistent
inhibition of which has been linked directly to apoptosis, inappropriate immune cell
development, and delayed cell growth [64]. Many of the downstream targets of NFKB are
down-regulated in our patient samples, suggesting a possible role for SSBP3 in wasting or
inflammation in dystrophic muscle.

Overall, our results conclusively show that most of the differential isoform usage seen in
DM is also seen in NMD patient muscle. DM-specific missplicing certainly occurs for a few
genes, and may be important for specific aspects of the phenotype. One prominent example
is the inclusion of a fetal exon of CLCN1, which results in myotonia [18–22]. Aberrant
presence of fetal isoforms of other proteins such as TNNT3, TNNT2, and ATP2A1 [33, 39,
65, 66] are also probably important in skeletal or cardiac muscle pathology in DM, and these
were not seen, at least to the same extent, in the NMD samples. Some of the aberrant
splicing reported in other tissues, such as brain, may also play a role in the DM-specific
phenotype. However, we found no evidence for a widespread DM-specific spliceopathy in
skeletal muscle and therefore suggest that alternative splicing in DM (and NMD) may not be
the driving mechanism for the muscle pathology, since the same pathways also show
expression changes unrelated to splicing. We also found no evidence to support the notion of
splicing differences between DM1 and DM2. Differently spliced genes in the comparison
DM1 vs. N were essentially a subset of the DM2 vs. N comparison. Most of the probes in the
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non-intersecting lists satisfy two, but not all three, of our criteria and reducing the stringency
for DM1 to |SI|>1.3 produced essentially complete overlap with DM2.

Other studies have been conducted in an attempt to identify splicing events driving the DM
phenotype. Orengo and colleagues [29] examined eight, previously associated with DM,
missplicing events in four mouse models of muscular dystrophy (DM1, limb girdle muscular
dystrophy, congenital merosin-deficient muscular dystrophy, and Duchenne muscular
dystrophy) and two myotoxin (cardiotoxin and notexin) muscle injury models. They
concluded that expression of neonatal alternative splicing isoforms in adult skeletal muscle
occurs in several diverse models of both muscle degeneration and muscle damage as a result
of a robust regenerative process. Our results are consistent with this observation. In a recent
review, Kalsotra and Cooper [67] noted that during skeletal muscle differentiation, genes
involved in actin binding, integrin signaling, nucleic acid metabolism and splicing are
generally regulated through alternative splicing, while genes involved in muscle contraction,
development, cell cycle and ion transport are generally regulated through transcription. We
observed similar relationships within our data set.

Using the same Affymetrix Human Exon 1.0 ST array, Koebis and colleagues [68]
investigated muscle samples from six DM1, mostly very young or congenital, and seven
age-/sex-matched control cases. Using a slightly different splice index calculation from ours,
they reported 54 differentially expressed probes, eight of which were concordantly
dysregulated with our DM1 samples. Two were for previously reported genes (PDLIM3 and
LDB3), while six were in novel genes (MFF, CD47, ABLIM1, NCOR2, ARHGEF7 and
MYOM1). With the exception of LDB3 and MFF, all were similarly dysregulated in our
NMD samples. Interestingly, three probe sets in BNIP1, RPA3 and ABCD4 were
dysregulated in the opposite direction (inclusion rather than exclusion, or vice versa).

Studying the HSALR and Mbnl1−/− DM1 mouse models using a custom splice microarray,
Du and colleagues [16] determined that loss of Mbnl1 accounts for >80% of the splicing
pathology due to expression of the mutant (CUG)DM1 RNA and identified over 200 splicing
events that were altered by the loss of Mbnl1. They validated that DM1 patients suffer many
of the same missplicing events, including six novel missplicing events in NFIX, SMYD1,
SPAG9, PPP2Y5D, MTDH and GNAS. On the commercial exon array we used, the
equivalent probe in GNAS was not detected and the one in NFIX did not appear to be
alternatively spliced in our DM1 samples. The corresponding probe sets in the other four
genes had splice indices and unadjusted p-values indicative of alternative splicing in DM1
but were not significant after correction for multiple testing. Interestingly, similar to the
reported mRNA dysregulation of extracellular matrix (ECM) genes in the DM1 mouse
models [16], we saw transcriptional dysregulation of numerous ECM genes, including the
same procollagen genes COL1A2 and COL15A1, as well as numerous other collagen genes
in the human DM patients.

In summary, we characterized the largest collection of DM patient samples analyzed to date
for altered splicing using the Affymetrix Human Exon 1.0 ST array and included non-DM
neuromuscular disease patient samples as disease controls. We found that DM1 and DM2
skeletal muscles were essentially identical to each other for both expression and splicing.
We found no evidence for widespread missplicing as a DM-specific pathomechanism in
skeletal muscle. Rather, most expression and splicing changes were shared between multiple
muscular dystrophies, as previously suggested [28, 29]. We also found no evidence to
support the hypothesis that steady-state levels of transcripts containing (CAG)n/(CUG)n
repeats are affected adversely by the presence of mutant (C/CUG)DM transcripts.
Surprisingly, we found little similarity between genes dysregulated or misspliced in our
DM1 patient muscle biopsies and results reported for various mouse models of DM1.

Bachinski et al. Page 13

Neuromuscul Disord. Author manuscript; available in PMC 2015 March 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Finally, we conclude that the Affymetrix exon array is not the most efficient platform for
identification of alternative missplicing events in skeletal muscle. Although exon array and
RNA-seq profiling have shown strong concordance at both the gene and exon mRNA levels
[69], it remains to be seen if similar studies as ours on more uniformly, prospectively
collected patient tissues using RNA-seq with a wider dynamic range will provide the same
or different insights with respect to missplicing in DM.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Venn diagrams depicting shared dysregulated (A) or misspliced (B) transcripts in pairwise
comparisons between disease and normal samples. (A) Transcripts with |FC|>2 and p-
value<0.05 with FDR=0.05 (Table 2). (B) Probe sets dysregulated with SI>1.5 and adjusted
p-value<0.05 for genes with |FC|<3 (Table 3). Diagrams not to scale.
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Fig. 2.
SSBP3 missplicing in neuromuscular diseases. (A) Splice Index (SI) for each probe used in
the original array analysis. Exon 6 is included more frequently in DM and NMD than in
normal muscle. (B) Assay design for quantitative RT-PCR validation: primers are indicated
by arrows; alternative exon 6 is shown in grey. (C) Inclusion indices (Inclusion/Total) from
quantitative fluorescent RT-PCR. (D) Kruskal-Wallis plot of isoform ratios, p-value=0.0023.
t-test p-values are shown below groups. (E–F) Western blots showing overall reduced
protein expression of SSBP3 in DM1 (E) and, to a lesser extent, DM2 (F) compared to
normal skeletal muscle. The same normal control is used on both blots. DM samples are
different from those used for RT-PCR validation. CBB, Coomassie brilliant blue staining.
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Table 1

Samples used for array analysis and RT-PCR validation

No. Sample ID* Exon Array RT-PCR

1 DM1_F_?_D Y N

2 DM1_?_?_? N Y

3 DM1_F_?_BB Y Y

4 DM1_F_54_? Y Y

5 DM1_F_29_BB Y N

6 DM1_M_25_? Y N

7 DM1**_M_21_? Y N

8 DM1_F_55_D Y N

9 DM1_?_?_? Y N

10 DM2_M_39_BB Y N

11 DM2_F_58_BB Y Y

12 DM2_F_50_BB Y Y

13 DM2_F_51_BB Y N

14 DM2_F_43_D Y Y

15 DM2_M_51_BB Y N

16 DM2_F_37_VL Y N

17 DM2_F_43_BB Y Y

18 DM2_F_65_BB Y Y

19 DM2_F_55_BB Y Y

20 BMD_M_50_D Y Y

21 BMD_M_45_BB Y Y

22 BMD_M_26_BB Y Y

23 DMD_M_20_G Y Y

24 DMD_M_5_BB N Y

25 DMD_M_8_BB N Y

26 TMD_M_58_EDL Y Y

27 TMD_F_88_EDL Y Y

28 N_F_61_? Y Y

29 N_M_43_? Y Y

30 N_M_85_? Y Y

31 N_M_43_? Y Y

32 N_M_26_? Y Y

*
Sample identifier (ID) specifies diagnosis: DM1, DM2, BMD, DMD, TMD, or N. Sex: F, female; M, male. Age in years. Biopsy site: D, deltoid;

BB, biceps brachii; VL, vastus lateralis; TA, tibialis anterior; G, gastrocnemius; EDL, extensor hallucis/digitorum longus. ?, information not
available.

**
Homozygous DM1 patient.
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Table 2

Summary of dysregulated genes (|FC|>2 and p-value<0.05 with FDR=0.05)

DM1 vs. N DM2 vs. N NMD vs. N DM1 vs. DM2 DM1 vs. NMD DM2 vs. NMD

p-value <0.05, FDR=0.05, FC>2 269 414 348 0 1 18

p-value<0.05, FDR=0.05, FC<−2 340 484 332 2 0 11

All dysregulated >2-fold 609 898 680 2 0 29

p-value (up vs. down) 0.0040 0.0195 0.5395 NA NA NA
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Table 4

Validation of published missplicing events in dystrophic muscle (t-test)

Gene Event p-value (DM1 vs. N) p-value (DM2 vs. N) p-value (NMD vs. N)*

ANK2 Exclusion exon 43a 0.297000 6.91e-03 nd

ATP2A1 Exclusion exon 22 0.021100 2.68e-11 0.001050

CAPZB Exclusion exon 8a 0.158000 6.05e-03 nd

CLCN1 Inclusion fetal exon 0.011300 4.25e-03 nd

FHOD1 Exclusion exon 11a–12 0.007780 3.41e-10 0.510000

LDB3 Inclusion exon 4 0.064300 5.18e-06 0.526000

LDB3 Inclusion exon 7 0.000291 1.57e-06 0.316000

MBNL1 Inclusion exon 6a/7 0.004010 9.60e-06 0.044800

MBNL2 Inclusion exon 7 0.007990 3.38e-04 0.288000

MEF2A Inclusion exon 5a 0.007620 2.73e-05 0.009280

MEF2C Inclusion exon 5a 0.005230 1.59e-07 0.000883

NRAP Exclusion exon 12 0.953000 3.37e-03 0.017000

PDLIM3 Inclusion exon 5a 0.047500 3.92e-04 0.859000

RYR1 Exclusion exon 70 0.251000 2.39e-02 0.528000

TNNT2 Inclusion exon 5 0.012200 5.99e-02 0.033700

TNNT3 Inclusion fetal exon 0.077700 9.88e-05 0.439000

TTN Inclusion exon 11 0.009280 6.75e-04 0.000719

*
nd, not done.
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Table 6

Results of validation attempts for predicted novel missplicing events*

Gene Exon In/Out DM1 vs. N DM2 vs. N NMD vs. N Result

ATP9B 8 Out 0.5668 0.3534 0.1657 no difference

9b Out 0.3849 0.4133 0.8619 no difference

11 Out 0.7261 0.6737 0.7798 no difference

BTRC 2a Out 0.9578 0.6980 0.6051 no difference

2a, 2b Out 0.6641 0.5674 0.5452 no difference

2b Out 0.3555 0.6376 0.5807 no difference

CD46 7 In 0.9039 0.8601 0.1370 no difference

IL28RA 2 Out 0.8594 0.6413 0.3470 no difference

MASP1 2a In 0.7558 0.6472 0.1647 no difference

SGCD 2 In 0.6140 0.3070 0.9961 no difference

SMN1 8 In 0.0626 0.9995 0.0738 no difference

SSBP3 6 In 0.0013 0.0035 na DM vs. N significant

STAU 1b In 0.2834 0.6541 na no difference

2b In 0.7469 0.2206 na no difference

TPD52L2 4 In 0.1647 0.0037 0.0051 DM2 vs. N significant

NMD vs. N significant

*
Predicted events with monomorphic/invariant PCR products: ANKD1 (E2), BIN1 (E11), CCNB1IP1 (E5), CTSB (E2b), FGD4 (E6, 14, 18),

MKNK1 (E8), SPRY4 (E2), TMC4 (E11), TPM1 (E9b), and YY1AP1 (E4).
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