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ABSTRACT

In patients with myotonic dystrophy type 1 (DM1),
dysregulation of RNA-binding proteins like MBNL
and CELF1 leads to alternative splicing of exons and
is thought to induce a return to fetal splicing pat-
terns in adult tissues, including the central nervous
system (CNS). To comprehensively evaluate this, we
created an atlas of developmentally regulated splic-
ing patterns in the frontal cortex of healthy individ-
uals and DM1 patients, by combining RNA-seq data
from BrainSpan, GTEx and DM1 patients. Thirty-four
splice events displayed an inclusion pattern in DM1
patients that is typical for the fetal situation in healthy
individuals. The regulation of DM1-relevant splicing
patterns could partly be explained by changes in
mRNA expression of the splice regulators MBNL1,
MBNL2 and CELF1. On the contrary, interindivid-
ual differences in splicing patterns between healthy
adults could not be explained by differential expres-
sion of these splice regulators. Our findings lend
transcriptome-wide evidence to the previously noted
shift to fetal splicing patterns in the adult DM1 brain
as a consequence of an imbalance in antagonistic
MBNL and CELF1 activities. Our atlas serves as a
solid foundation for further study and understanding
of the cognitive phenotype in patients.

INTRODUCTION

Myotonic dystrophy type 1 (DM1; OMIM #160900), also
known as Steinert’s disease or dystrophia myotonica, is an
autosomal dominant neuromuscular disease with a highly
variable, multisystemic clinical presentation, affecting skele-
tal and smooth muscles, the central nervous system (CNS),

the heart and several other organs. DM1 is the most com-
mon form of adult onset muscular dystrophy with an esti-
mated global prevalence of 1:8000 (1). The clinical pheno-
type of DM1 is most notably defined by myotonia, a delayed
relaxation of skeletal muscles following contraction. Addi-
tionally, affected individuals show a variable combination
of progressive weakness of distal muscle groups, insulin re-
sistance, cardiac arrhythmia, cataract, fatigue, cognitive im-
pairment and changes in personality and behavior.

The cause of DM is a (CTG)n trinucleotide repeat ex-
pansion in the 3’-untranslated region of the DM1 protein
kinase (DM PK) gene, located on the long arm of chromo-
some 19 (2). The central mechanism of DM1 pathophys-
iology involves the formation of RNA hairpin structures
by the (CUG)n repeat in DM PK transcripts (3,4). Proteins
of the muscleblind like splicing regulator (MBNL) family
are recruited by these hairpin structures, bind to repetitive
“YGCY’ motifs of the (CUG)n expansion and form RNA
foci (5-7). Consequently, MBNL proteins, trapped in nu-
clear RNA foci, are depleted from their normal RNA tar-
gets (8). Since MBNL proteins also regulate their own splic-
ing, the depletion of MBNL proteins leads to a further loss
of MBNL function due to the formation of other splice vari-
ants (9). Furthermore, the presence of expanded DMPK
transcripts increases levels of hyperphosphorylated, stable
CUG-binding protein and ETR3-like factor 1 (CELF1)
(10).

RNA-binding proteins (RBPs) like CELF1, MBNL1 and
MBNL2 function as trans-acting regulators of alternative
splicing (11,12). These RBPs regulate alternative splicing by
binding to short RNA motifs in the pre-mRNA. Depend-
ing on the binding sites and the RBPs involved, splicing of
the target RNA elements can be promoted or suppressed
(13). Although the functional impact of many individual
splice events remains ill understood, the coordination of
these events, driven by binding of RBPs, determines the
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development of tissues, particularly of the heart, skeletal
muscle and brain (14). During heart development in mice
and chickens, MBNL1 and CELF1 mediate a highly con-
served transition from fetal to adult splicing patterns (15).
Similarly, loss of Mbnll and Mbnl2 in the brain of adult
knockout (KO) mice shifts the splicing profile to an earlier
stage of CNS development and causes mis-splicing of sev-
eral important developmentally regulated exons (16,17).

A cornerstone of DM1 pathophysiology is the aber-
rant alternative splicing of many pre-mRNA products and
the preferential expression of fetal transcript variants in
the adult state. Numerous studies revealed mis-splicing in
DMI patient tissue and animal models by means of RT-
PCR, microarray and RNA-Sequencing (e.g. (17-24)). Mis-
splicing in DM1 is not limited to one type of tissue, but
affects virtually all systems associated with the disease,
in particular skeletal and cardiac muscles as well as the
CNS (19-20,22). Importantly, abnormal splicing of cer-
tain genes has been linked to characteristic DM1 symp-
toms, albeit with variable levels of evidence (17,19,25-27).
The alternative splicing of a number of these phenotype-
linked genes is regulated by MBNL1 or MBNL2 (DMD,
BINI1, SCN54), CELF1 (CLCN1, RYRI, INSR, TNNT?2)
or both (CACNAILS, PKM, GRINI1, MAPT). Therefore, the
loss-of-function of MBNL1/2, due to their sequestration in
foci, and the gain-of-function of CELF1, due to its hyper-
phosphorylation, could explain the dysregulation of alter-
native splicing in the disease state (7,28). MBNL1/2 and
CELF]1 regulate splicing in an antagonistic fashion by ei-
ther promoting adult (MBNL1/2) or fetal (CELF1) splic-
ing patterns (29,30). Consequently, the altered activity of
MBNL1/2 and CELF1 will induce the expression of fe-
tal transcript variants in adult DM1 tissues (8) and DM1
mouse models (24).

Here, we set out to create an atlas of all developmen-
tally regulated splicing patterns in the human frontal cor-
tex and studied to what extent they were affected in the
brains of DM patients. For this, we analyzed publicly avail-
able RNA-Seq data from healthy individuals, generated by
the BrainSpan and GTEx projects (31,32), together with
recently published data from the brains of DM1 patients
and controls (23). In contrast to previous more targeted
approaches, this now allowed us to make a comprehensive
inventory of splicing events demonstrating a transition to-
ward the fetal state in the DM1 frontal cortex. Moreover,
we assessed to what extent this could be explained by the
RNA expression levels of CELFI and MBNLI/2.

MATERIALS AND METHODS
Datasets

The BrainSpan Atlas of the Developing and Adult Human
Brain is a resource for studying the spatial and temporal de-
velopment of the human brain (31). The RNA-Seq dataset
consists of multiple CNS regions and age groups (from
8 weeks before birth to 40 years of age). The BrainSpan
consortium only included samples that did not have any
confounding pathological factors (e.g. cerebrovascular inci-
dents and tumors), did not show chromosomal abnormal-
ities or malformations and lesions, had not been subjected

to drug or alcohol abuse and showed a RNA integrity num-
ber (RIN) of at least 5. Our selection consisted of 139 sam-
ples from 39 individuals (23 males, 16 females) in which four
subregions of the frontal cortex were represented (i.e. dor-
solateral: N = 35, ventrolateral: N = 36, medial: N = 35
and orbital: N = 33) (Figure 1A). Since we found no dif-
ferences in splicing of our exons of interest between these
subregions, these data were pooled in further analyses (Sup-
plementary Figure S1 and Supplementary Table S1). The
RNA-Seq was paired-end with a read length of 76 bp. Ac-
cess to FASTQ files and comprehensive phenotype data
was requested from the database of Genotypes and Pheno-
types (dbGaP; study accession: phs000731.v2.p1). FASTQ
files were downloaded from the sequence read archive
(SRA).

The Otero et al. (2021) dataset consists of frontal cortex
samples from 21 DM1 adult onset patients (9 males, 12 fe-
males) and 8§ controls (4 males, 4 females) (Figure 1B, (23)).
The samples were retrieved from frozen brain tissue of adult
individuals. The age of the donors ranged from 39 to 77
years (median = 59). Controls were labeled as ‘unaffected’.
The RNA-Seq was paired-end with a read length of 75 bp.
More details can be found in the associated publication (23).
The raw RNA-Seq data were downloaded from GEO (study
accession: GSE157428).

The GTEx project provides RNA-Seq data from a vari-
ety of tissues from healthy donors (32). We focused on the
human frontal cortex and included only samples with RIN
above 7, coming from donors with non-disease related death
(Hardy Scale below 3), in which autolysis of the extracted
tissue was not visible upon inspection by a pathologist. The
final selection consisted of 54 samples from 54 donors (42
males, 12 females). The age of the donors ranged from 23
to 70 (median = 60.5). The RNA-Seq was paired-end with
a read length of 76 bp. For the selected samples, raw gene-
level counts were downloaded from the public GTEx portal
(release V8). Access to BAM files and comprehensive sam-
ple and phenotype data was requested from dbGaP (study
accession: phs000424.v8.p2). Following approval, selected
BAM files and metadata were downloaded from the cor-
responding repository on the NHGRI AnVIL (Genomic
Data Science Analysis, Visualization, and Informatics Lab-
space) platform.

RNA-Seq data processing

To allow comparison across datasets, we applied the same
RNA-Seq pre-processing and expression quantification
steps on FASTA files from BrainSpan and Otero et al.
(2021) as specified for GTEx V8 (https://gtexportal.org/
home/documentationPage). FASTQ files were aligned to
the hg38 genome with STAR 2.7.0f (33). The STAR in-
dex was built with the genome sequence (GRCh38.p10) in
FASTA format and the comprehensive gene annotation,
both retrieved from GENCODE release v26. Samtools 1.9
was used to sort and index the resulting BAM files (34).
Gene-level counts were calculated by RNASeQC 2.3.5 (35)
and normalized to log2 counts per million (CPM) with the
trimmed mean of M-values method, as implemented by the
edgeR 3.28.0 package (36). RNASeQC 2.3.5 required a col-
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Figure 1. A quarter of the aberrant splice events in adult DM brains are associated with brain development. (A) Overview of the developmental stage of
39 healthy donors in the BrainSpan dataset. In total, the donors provided 139 RNA-Seq samples from four subregions of the frontal cortex. (B) Overview
of the DM1 dataset from Otero et al. (2021) containing RNA-Seq samples from the frontal cortices of 21 DM1 adult patients and 8 unaffected controls.
(C) Scatter plot of mean W in prenatal (y-axis) and postnatal (x-axis) samples for all measured splice events in the developmental dataset. The 447 splice
events with significant differences between groups (IAWI| > 0.2, P < 0.01 by rank-sum test) are in black. Events shaped as a blue-colored square were
significantly different in both datasets and those with the largest mean AW in the DM dataset are labeled by their name (see also Figure 2). (D) Scatter
plot of mean W in DM1 (y-axis) and healthy (x-axis) samples for all splice events measured in the DM1 dataset. The 130 splice events with significant
differences between groups (IAW| > 0.2, P < 0.01 by rank-sum test) are in black. Further labeling also as in (C). (E) Venn diagram of splice events that
featured a marked and significantly different change |AWI > 0.2, P < 0.01 by rank-sum test) between prenatal and postnatal samples (i.e. related to brain
development), and between DM1 and unaffected samples (i.e. related to DM1). (F) Histogram of splice events significantly altered in both the BrainSpan
and the DM datasets (left bar) of in just one of the datasets (right bar). The splicing direction indicates whether exon inclusion increased or decreased
in the same or opposite direction when comparing the DM1 and prenatal group to the unaffected and postnatal group. The direction of change for some
events is marked as ‘unknown’ due to missing data in one of the datasets. Here, events were considered significant when P < 0.01 by rank-sum test in both
datasets. The 34 high-confidence events all show the same direction of change.
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lapsed annotation file which lists only a single transcript
per gene (35). The collapse_annotation. py script from GTEx
was used to collapse the comprehensive GENCODE v26
gene annotation. Pathway analysis with the May 2021 re-
lease of Wikipathways (37) was performed using ClueGO
v2.5.8 (38) with GO term fusion and the Bonferroni right-
sided post test.

Calculation of percent spliced-in

To estimate exon inclusion for exon skipping events, per-
cent spliced-in (PSI, W) values were computed with MISO
0.5.4 (39). MISO estimates the W for a given splice event
by using Bayesian inference on a combination of inclu-
sion reads, exclusion reads, junction-spanning reads and
upstream/downstream exonic reads. Splice events which
were not detected in each sample within a dataset were ex-
cluded from that dataset. The function gff_-make_annotation
of rnaseqlib 0.1 (40) was used to generate MISO annotation
files of the most recent genome build (hg38) based on the
comprehensive GENCODE v26 annotation in the UCSC
genePred format.

Calculation of correlations and partial correlations

Ordinal relationships between estimates of exon inclu-
sion and RNA expression were assessed by computing the
Spearman’s rank correlation. The function corr.test of the
psych 1.8.12 R package was used to compute the correlation
coefficients, to test for significant correlations and to control
the false discovery rate (FDR) at 5% with the Benjamini—
Hochberg procedure (41,42). Correlations were assessed (1)
between W estimates of selected splice events and age of the
sample donor and (2) between W estimates and RNA ex-
pression of selected RBPs (i.e. CELFI, MBNLI, MBNL?2)
and (3) between W estimates of all high-confidence splice
event pairs (i.e. pairwise cross-correlations). To account for
the influence of other variables on the pairwise correlations
between splice events, partial correlations were computed
with the ppcor 1.1 R package (43). A partial correlation
represents the association of two variables (e.g. inclusion of
exon A and exon B) while removing the effect of one or more
other variables (e.g. RNA expression of gene A and/or gene
B). The age of the sample donor, the disease state (DM 1
or unaffected) and the RNA expression level of the RBPs
were separately taken into account for the partial correla-
tion analysis. The resulting controlled partial correlations
were compared to the zero-order pairwise correlations.

Data availability /sequence data resources

No new sequence data were generated. Data access for
the BrainSpan Atlas of the Developing and Adult Hu-
man Brain and GTEX project must be requested from db-
GaP (BrainSpan study accession: phs000731.v2.pl; GTEx
study accession: phs000424.v8.p2). Raw gene-level counts
for GTEx can be downloaded from the public GTEx portal
(release V8, https://gtexportal.org/home/). The RNA-Seq
data of Otero et al. (2021) are available on GEO (study ac-
cession: GSE157428).

Data availability /novel programs, software, algorithms

The R scripts that were used to analyze the processed RNA-
Seq data are available in the GitHub repository (https://
github.com/cmbi/BrainDM1).

Web sites/data base referencing

e STAR 2.7.0f (https://github.com/alexdobin/STAR/
releases/tag/2.7.0f)

e Samtools 1.9 (http://www.htslib.org/doc/1.9/samtools.
html)

e RNASeqQC 2.3.5 (https://github.com/getzlab/rnaseqc/
releases/tag/v2.3.5)

e MISO 0.5.4 (https://pypi.python.org/pypi/misopy/0.5.4)

e rnaseqlib 0.1 (https://github.com/yarden/rnaseqlib)

e ClueGO 2.5.8 (https://apps.cytoscape.org/download/
cluego/2.5.8)

e cdgeR 3.28.0 (https://bioconductor.org/packages/release/
bioc/html/edgeR.html)

e psych  1.8.12  (https://cran.r-project.org/src/contrib/
Archive/psych/psych_1.8.12.tar.gz)

e ppcor 1.1  (https://cran.r-project.org/web/packages/
ppcor/index.html).

e collapse_annotation.py script (https://github.com/
broadinstitute/gtex-pipeline/tree/master/gene_model)

e GENCODE  release v26  annotation  (https:
[Iwww.gencodegenes.org/human/release_26.html)

e GENCODE v26 annotation in UCSC genePred for-
mat (http://hgdownload.soe.ucsc.edu/goldenPath/hg38/
database/wgEncodeGencodeCompV26.txt.gz)

Statistical analyses

P values were corrected for multiple comparisons by con-
trolling the FDR at 5% with the Benjamini-Hochberg
procedure. Significant group differences in exon inclusion
or gene expression were assessed by the nonparametric
Wilcoxon rank-sum test. For the transcriptome-wide com-
parison, P values were not FDR-corrected and splice events
were considered significant when P < 0.01 and IAV] >
0.2 between groups. Based on these cutoffs and random
shuffling of samples, we estimated an FDR of below 5%.
A significant overlap between sets of splice events was as-
sessed by the Fisher’s exact test. Spearman’s rank correla-
tion was chosen in favor of Pearson correlation since the
Ws for the majority of splice events were skewed and not
normally distributed, as assessed by the Shapiro—Wilk test
(P < 0.05).

RESULTS

Splicing patterns in the frontal cortex of adult DM1 patients
resemble those of developing brains

DM -related aberrant splicing has been associated with the
expression of fetal transcript variants (17,26,44-47). We
performed a comprehensive evaluation of the developmen-
tal regulation of DM 1-related exon skipping events by com-
paring exon inclusion in frontal cortex samples from the
human BrainSpan dataset (Figure 1A) and from a recent
dataset including 21 DMI1 patients and 8 controls (Fig-
ure 1B) (23,31). PSI (V) values were calculated for all splice
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Table 1. Overview of the 34 DM 1-relevant developmental splice events in the frontal cortex.

Event Skipped exon coordinates Length Inclusion in DM 1
MBNLI chr3:152446704-152446757 54 Increased
ADDI chr4:2926642-2926675 34 Increased
TACC2 chr10:122245065-122245073 9 Increased
MBNL2a chr13:97356796-97356849 54 Increased
MBNL2b chr13:97366459-97366553 95 Increased
MBNL2c chr13:97366459-97366553 95 Increased
TCF3 chr19:1615285-1615485 201 Increased
PLA2G6 chr22:38128269-38128430 162 Increased
SOS1 chr2:38989270-38989314 45 Decreased
ATPIB3 chr3:141902136-141902227 92 Decreased
LRRFIP2 chr3:37091467-37091538 72 Decreased
PALLD chr4:168925233-168925278 46 Decreased
PACRGL chr4:20702141-20702221 81 Decreased
SEPTI11 chr4:77036773-77036837 65 Decreased
GABRG2 chr5:162151730-162151753 24 Decreased
NRCAM chr7:108166921-108167073 153 Decreased
GOLGA2 chr9:128272785-128272865 81 Decreased
SORBSI1a chr10:95351209-95351376 168 Decreased
SORBSI1b chr10:95351216-95351376 161 Decreased
SORBSIc chr10:95375973-95376056 84 Decreased
NUMAI chr11:72012401-72012442 42 Decreased
CAMKK?2 chr12:121244573-121244615 43 Decreased
DNMIL chr12:32705825-32705863 39 Decreased
PPHLNI1 chr12:42384940-42384996 57 Decreased
DCLK1 chr13:35788212-35788285 74 Decreased
PACS2 chr14:105385685-105385717 33 Decreased
TIP1 chr15:29719777-29720016 240 Decreased
KIFC3 chr16:57759125-57759153 29 Decreased
MTSSIL chr16:70679315-70679323 9 Decreased
ARHGAP44 chr17:12973302-12973319 18 Decreased
MAPT chr17:45971859-45971945 87 Decreased
CSNK1D chr17:82245976-82246039 64 Decreased
DLGAPI chr18:3656084-3656113 30 Decreased
DMD chrX:31126642-31126673 32 Decreased

All events showed a significant difference (IAW] > 0.2, P < 0.01 by rank-sum test) in frontal cortex samples between DM patients and unaffected controls
and between prenatal and postnatal healthy individuals. Genomic coordinates are based on the hg38 genome build. Note that the coordinates for MBNL2b
and MBNL2c¢ are duplicated because these events share the same skipped exon but varying up- and downstream exons (see Supplementary Table S4).

events and reflect the inclusion rate of a cassette exon that
is either included or skipped within the boundaries of its
flanking upstream and downstream exons.

In the developing brain dataset, we identified 447 events
with significant differences (IAW] > 0.2, P < 0.01 by rank-
sum test) between prenatal and postnatal frontal cortex
(Figure 1C and Supplementary Table S2). One hundred
thirty events displayed significant differences (IAWI > 0.2,
P < 0.01 by rank-sum test) between DM1 and healthy
frontal cortex samples (Figure 1D; Supplementary Table
S3; (23)). A significant overlap of 34 exons (P < 2.2 e-16,
Fisher’s exact test) was found between the sets of splice
events in the developing brains and the DM1 brains (Fig-
ure 1E; Table 1; Supplementary Table S4, Supplementary
Figure S2 (48)). The absolute AW for DM1 versus con-
trol was on average larger in this subset of 34 events com-
pared to all 130 events related to DM1 (P < 0.01 by rank-
sum test, Supplementary Figure S3). These 34 events were
present in 30 different genes and involved 32 unique cas-
sette exons. When there were multiple events in the same
gene, these events were labeled with a/b/c etc. (see Sup-
plementary Table S4 for the exact nomenclature). Two cas-
sette exons were present in multiple events differing by a
variable 5’ end (SORBS1a, SORBS1b) or the upstream ex-
ons (MBNL2b, MBNL2c). Compared to the background

of all differentially spliced genes in the DM1 dataset, these
30 were enriched (Bonferroni adj. P = 0.025) for genes in
the Wikipathway ‘ectoderm differentiation’, represented by
DMD, KIFC3, NUMAI and TCF3 (37). Out of all splice
events that changed significantly in one or both datasets,
337 events, including the overlap of 34 events, changed to-
ward the prenatal inclusion pattern in the DM1 brains,
whereas only 130 events changed in a direction that resem-
bles the postnatal state (Figure 1F). Together this confirms,
on a transcriptome-wide scale, previous observations that
DMI brains reflect embryonic/fetal splicing patterns. The
list of 34 splice events contains many of the previously de-
scribed aberrantly spliced exons in DM 1 and known MBNL
targets, such as MBNLI exon 5, MBNL2 exon 5, DMD
exon 78 and MAPT exon 3.

Closer inspection of the developmental regulation of
splicing for these 34 splice events demonstrated gradual
changes from the fetal through the perinatal to the post-
natal period. In Figure 2, we display the splice events
with the largest mean difference in ¥ between the DM1
frontal cortex and that of controls. For all splice events
with an increase of W during development, W values were
lower in DM1 patients than in controls, and vice versa.
The strongest increases in W throughout development were
observed in ARHGAP44, ATPI1B3, MAPT and SORBSI
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Figure 2. Splice events with strongest up- and downregulation in DM1 show gradual change through development. Splice events with the largest decrease
(A) or increase (B) in W in DM patients compared to unaffected adults. The top rows in panels (A) and (B) show boxplots of Ws for events selected for
the largest difference in mean W between frontal cortex samples from DM 1 patients (in red) and unaffected adults (in gray). The boxplots in the middle
rows are based on frontal cortex samples from healthy prenatal (in blue) and postnatal donors (in gray). All samples collected before and after birth were
pooled to form the prenatal and postnatal groups, respectively. A significant difference between groups was assessed by the rank-sum test. P-values were
FDR-corrected with the Benjamini-Hochberg procedure (ns: P > 0.05, ***: P < 0.001). The bottom row shows scatterplots of W for the selected events in
the healthy, developing human frontal cortex. Post-conceptional age was recorded in days and plotted on a logl10 scale. Arbitrary x-axis labels were chosen
to highlight specific timepoints during development (Mos = Months, Yrs = Years). The regression curve was estimated by the LOESS method.
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Figure 3. Differences in RNA expression of DM 1-relevant splicing factors throughout human brain development and between DM patients and unaf-
fected adults. The top row shows boxplots of RNA expression (log2 of CPM) of CELFI, MBNLI and MBNL?2 in frontal cortex samples from DM patients
(in red) and unaffected adults (in gray). The boxplots in the middle row are based on frontal cortex samples from healthy prenatal (in blue) and postnatal
donors (in gray). Significant differences between groups were assessed by the rank-sum test. P-values were FDR-corrected with the Benjamini-Hochberg
procedure (ns: P > 0.05, *: P < 0.05, **: P < 0.01, ¥***: P < 0.001). The bottom row shows scatterplots of RNA expression (log2 CPM) of CELFI, MBNLI
and M BNL?2 in the healthy, developing frontal cortex. Post-conceptional age was plotted on a logl0 scale. x-axis labels were chosen to highlight arbitrary
timepoints during development (Mos = Months, Yrs = Years). The regression curve was estimated by the LOESS method.

transcripts, whilst the strongest decreases in W were ob-
served in MBNL2, PLA2G6 and TACC2. For most of these
genes, pronounced changes in splicing patterns were ob-
served during the perinatal period, but the timing and the
extent to which these patterns changed from the perinatal
period to the adult stage differed considerably between ex-
ons. For an overview of Ws of these exons across sex and
CNS subregions, see Supplemental Figures S4 and S5, re-
spectively.

Expression of MBNL and CELFI in the developing and DM1
brain

Since RBPs are known to regulate alternative splicing dur-
ing human tissue development, we inspected the RNA ex-
pression levels of RBPs that have been linked to DM1
pathophysiology, i.e. those of the MBNL and CELF fam-
ilies, throughout development and in the disease situation
(7,14). For CELFI, as well as CELF2, -3, -5 and -6, we ob-
served a significant (FDR < 0.05) downregulation in pre-

natal and postnatal samples (Figure 3 and Supplementary
Figure S6; log2 fold change for CELF1 (logFCcgrpi) = -
1.23). On the contrary, for MBNLI and MBNL2, as well
as CELF4, expression increased gradually and significantly
(FDR < 0.05; logFCMBNL1 = 1.60; lOgFCMBNLz = 2.66)
during development, whereas no change was observed for
MBNL3 (Supplementary Figure S7). The RNA expression
levels of CELFI, -3 and -6 did not differ between DM cases
and controls, while a slight upregulation of MBNLI, -2 and
-3 was found in DM1 (logFCcgrr; = -0.09; logFCympnLi
= -0.50; lOgFCMBNLz = -0.44, logFCMBNL3 = -0.60). For
CELF2, -4 and -5 we noticed a subtle downregulation in
DMI1 (Supplementary Figure S6). Since MBNLI/2 and
CELFI are best characterized in the context of DM1, and
most of their family member featured similar or only mod-
estly different effects, we focused on CELFI and MBNLI1/2
for further analyses. Lastly, expression levels of MBNLI/2
and CELFI slightly differed between sexes during develop-
ment but not when comparing DM1 cases to unaffected
controls (Supplementary Figure S8).
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DM1-relevant developmental splice events are associated
with expression of CELFI and MBNLI/2 mRNA

Next, we assessed the potential effects of the balance be-
tween CELFI and MBNL mRNA expression on the splic-
ing patterns of the set of 34 DM 1-relevant developmental
splice events. To achieve this, we calculated correlations be-
tween CELFI and MBNL expression on the one hand, and
the W of these splice events on the other hand. In the de-
veloping brain, we observed that all 8 splice events with
increased inclusion in the prenatal state and in DM1 pa-

tients were strongly positively correlated with the expres-
sion of CELFI and strongly negatively correlated with the
expression of MBNLI and MBNL2 (Figure 4 and Sup-
plementary Figure S9, examples in Supplementary Figure
S10A). Conversely, the 26 events with increased inclusion
in the postnatal state and decreased inclusion in DM1 pa-
tients were strongly negatively correlated with the expres-
sion of CELFI and strongly positively regulated with the
expression of MBNLI and MBNL2. Such correlations were
much weaker within the sets of prenatal or postnatal sam-
ples, indicating that changes during development are driv-



ing these correlations (Supplementary Figure S11). Collec-
tively, these findings indicate a high level of coordination
within this set of splice events during brain development,
and suggest an association with the balance between the ac-
tivity of the CELF1 and MBNL splicing factors.

In the dataset of DM1 and control adult frontal cortex
samples, we did not observe similarly strong correlations
between the inclusion rates of the 34 DM 1-relevant devel-
opmental splice events and the expression levels of CELFI
and MBNLI/2 (Figure 4 and Supplementary Figure S9,
examples in Supplementary Figure S10B). Given the low
overall variation of CELFI and MBNLI/2 between DM1
patients, recall Figure 3, this was not unexpected. How-
ever, upon closer inspection of these correlations, we can
appreciate that the set of 8 splice events with increased
inclusion in the prenatal state and in DM1 patients were
positively correlated with the RNA expression of CELFI,
MBNLI and MBNL2. Again, the 26 events with increased
inclusion in the postnatal state and decreased inclusion in
DM1 showed the opposite pattern. The correlations be-
tween MBNLI/2 expression and splicing in the DM1 and
unaffected brain showed opposite trends compared to the
correlations observed in the developing brain. Notably, for
the set of 96 splice events, which were found to be relevant to
DM1 but not significantly developmentally regulated (Fig-
ure 1E), the same trends were present (Supplementary Fig-
ure S12). These trends were not observed when analyzing
the DM 1 and unaffected brain separately (Supplementary
Figure S13).

Since the DM dataset contained only 8 control individ-
uals, we performed a similar analysis in the much larger set
of GTEXx frontal cortex samples from healthy adult donors,
which has a higher statistical power (N = 54, Figure 4). In
this dataset only splicing of the exon in ADDI, a known
MBNL2 target (17), correlated significantly to MBNL?2 ex-
pression. We found no further significant correlations, in-
dicating that the degree of splicing regulation during brain
development is much larger than the interindividual differ-
ences in splicing regulation in the adult brain.

Prenatal-like splicing patterns in the DMI1 brain are not
driven by variation in mRNA expression of CELFI and
MBNLI/2

We finally set out to investigate to what extent the coordi-
nated splicing differences observed in the developing and
the DM1 frontal cortex can be explained by variation in
sample donor age and splicing factor RNA expression. For
this analysis, we calculated pairwise correlations between
the exon inclusion levels of all 34 high-confidence splice
events. A pairwise correlation of two splice events captures
the degree to which the two exons are both included or ex-
cluded (i.e. strong positive correlation) or are mutually ex-
clusive (i.e. strong negative correlation). Next, we controlled
the pairwise correlations for variation in age, splicing factor
expression and disease state by calculating the partial cor-
relations and compared the distribution of partial correla-
tions to the zero-order (uncorrected) correlations (Figure
5). A difference between the partial and zero-order corre-
lation suggests that the zero-order correlation can be par-
tially explained by one of the factors that are controlled for
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in the partial correlation. In the context of the DM frontal
cortex, we also considered the disease state (DM 1 or unaf-
fected).

As expected, controlling for age in the developing brain
cohort, that features age as its main contrast, resulted in a
strong decrease in pairwise correlations. Since the expres-
sion of CELFI and MBNLI/2 was strongly related to the
age of the subject, as shown in Figure 3, these factors could
not be assessed independently and showed the same effect
on the pairwise correlations. Nonetheless, the data support
the notion that the coordinated changes in splicing during
development are linked to a shift in the balance between
CELFI and MBNLI/2 expression. In the DM1 cohort,
pairwise correlations were strongly decreased after control-
ling for disease state but remained similar after controlling
for age or splicing factor expression. Thus, we conclude that
coordination of splicing in the DM frontal cortex is driven
by differences in controls vs DM patients. In the healthy
adult brain dataset pairwise correlations were generally low
and were unaltered by controlling for the factors mentioned
above.

DISCUSSION

In this work, we offer a comprehensive overview of DM1
splice abnormalities in the frontal cortex that are related
to development. We show that the majority of dysregu-
lated splice events in frontal cortices in DM1 patients are
changed toward prenatal splice variants, and identify 34
events with high confidence and a large shift in W. This
transcriptome-wide analysis provides insight in how DM 1-
pathophysiology reflects a reversed developmental situa-
tion.

Various studies in humans and model organisms have
shown that brain development goes hand-in-hand with
changes in alternative splicing (14,49). This was also ob-
served in our analysis of the BrainSpan dataset, where we
identified around 450 splice events that were different be-
tween prenatal and postnatal human frontal cortex. Of the
130 splice events that were dysregulated in the DM 1 frontal
cortex, 34 overlapped with the ~450 developmentally reg-
ulated splice events, a significant enrichment. We focus on
these 34 events because we assume that splice events that are
developmentally regulated are more likely to have a physio-
logical effect. Among these were known DM 1-related splice
events such as those in ADDI, CAMKK2, DMD, MAPT,
MBNLI, MBNL2 and SORBSI (21,50), as well as sev-
eral novel events. The splice events in GABRG2, NRCAM,
ARHGAP44, DLGAPI and CSNKID were also found mis-
spliced IAWI> 0.2, FDR < 0.05) by Goodwin et al. in a pre-
vious RNA-Seq study on the DM1 frontal cortex, adding
confidence to these exons for their relevance for DM1 (20).

Among the 34 events, altered splicing of GABRG2, TCF3,
NRCAM, ARHGAP44, DLGAP, SEPTI11, DCLKI and
CSNKID may be most relevant for the DM1 brain phe-
notypes given their known functions in the CNS. Of these,
only the events in SEPTII, DCLKI and CSNKID lead
to a change in reading frame (exon length is not divisi-
ble by three), potentially leading to mRNA degradation or
dysfunctional proteins. Still, e.g. for DCLK]I the identified
splice event results in a different C-terminus of the protein,
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differentiating between DLCK 1-alpha and -beta, of which
it is known that alpha form is dominant in the prenatal
brain (51). Of note, DCLK]I (isoform-) expression is asso-
ciated with cognitive abilities (52) and anxiety (53).

Regarding CSNKID (Casein kinase I isoform delta),
exon 9 inclusion prevents further downstream translation
of exon 10 by introducing a stop codon (54). Interestingly,
this transcript variant alters the circadian rhythm and sleep
alterations are a prevalent DM1 phenotype (55,56). On-
going efforts aim to develop small molecules for modulat-
ing CSNK 1D activity but target specificity remains a major
challenge (54).

GABRG2 (Gamma-Aminobutyric Acid Type A Receptor
Subunit Gamma 2) has been associated with a plethora of
neuro(developmental) disorders, mostly related to epilepsy
(57-59). GABRG?2 is known to be differentially spliced dur-
ing development, where the short variant is expressed in
early development (60). This alternatively spliced (micro-)
exon is 24 nucleotides long and codes for an 8-amino acid
stretch that alters GABAJA]R complex composition and
modulates its activity (61). MS-based evidence has been
gathered that, at least in rats, both isoforms are translated
into protein (62). In schizophrenic patients the ratio of short
(y2S) versus long (y2L) GABRG?2 isoforms is also altered,
although in a way opposite to the DM 1-situation presented
in the data from Otero et al., with a relative increase of the
short isoform (63). Additionally, GABRG?2 variants have
been observed in individuals affected by Dravet syndrome,
autism spectrum disorder, developmental delay and intel-
lectual disability (58,64). Of major interest is that GABRG?2
is a known drug target, and that the ratio of different iso-
forms can be altered via drugs (65-67).

Although not identified as dysregulated in the Good-
win study (20), TCF3 (Transcription Factor 3, or E2-alpha
[E2A]) is a hit with a possibly important impact. TCF3
functions as a transcriptional regulator in neuronal differ-

entiation, with an impact on many other genes (68). In-
terestingly, TCF3 can regulate IL-6 signaling, which is dis-
turbed in DM1 (69,70). Since there are differences in splic-
ing aberrations between brain regions in DM1, our findings
may not always be representative for other brain regions
than the frontal cortex (71).

We analyzed the expression of the CELF and MBNL
mRNAs throughout development and in the frontal cortex
of adult DM1 patients and controls. It is important to note
that CELF and MBNL family members are strongly post-
transcriptionally and post-translationally regulated (72—
75), meaning that extrapolations of mRNA level to protein
expression and activity should be interpreted with caution
(9,30,76). In the future, it would be of high interest to carry
out an analysis as presented here on proteomics data, which
are currently scarce.

In the literature, MBNL2 is generally considered the
brain-related member of the MBNL family, but it is also
known that MBNLI1 can compensate for loss of MBNL2
function, or even plays an important role in the brain de-
velopment itself (17,77-78). We noted that MBN LI, but not
MBNLS3, is also expressed in the human brain throughout
development at levels comparable to those of MBNL2. This
is confirmed via the Allen brain map and by recent single
cell analyses (79,80).

Consistent with data from the mouse heart (15), we ob-
served a gradual increase in MBNLI/2 mRNA expression
and a decrease of CELFI expression with age in the hu-
man brain. The balance in MBNL1/2 and CELF activity
during development is likely explained by these different
transcription levels, suggesting that regulation of MBNL
expression during development is mainly transcriptional,
while post-transcriptional regulation of MBNL expression
may dominate in adults (72-75). This is especially rele-
vant because many exons are sensitive to specific levels of
MBNL1/2 activity (81). In turn, alterations in this balance



are a likely cause of the regulation of a proportion of the
developmentally regulated splicing events, as was demon-
strated in the brains of Mbnl2 knock-out mice and muscles
of Mbnll knock-out mice. In addition, there are exons in
both MBNLI (exon 5) and MBNL2 (exon 5 and 8) that
are alternatively spliced throughout development (17,82).
These are likely part of an autoregulatory mechanism con-
trolling the localization and activity of these splicing factors
(9). MBNLI exon 1 is also involved in MBNLI1 autoregu-
lation (9), but we found no differences in splicing in any of
our analyses (data not shown).

In DM1 patients, we observed a switch to fetal splice
isoforms, but this was not accompanied by a decrease but
by a slight increase in the MBNLI/2 mRNA expression,
while the CELFI mRNA expression was unchanged. This
confirms the basis of the altered balance between MBNL
and CELF in DM patients: on the one hand MBNL loss-
of-function is mainly caused by the differential splicing
of MBNLI/2 and/or the entrapment of MBNL1/2 pro-
teins in foci which is insufficiently compensated by an in-
crease in MBNLI/2 transcription levels, and on the other
hand the increased activity of CELF1/-2 is due to increased
protein levels and/or their phosphorylation level (10,83).
In summary, MBNL1/2 and CELF1 seem transcription-
ally regulated during development, but are heavily post-
transcriptionally regulated in adult brains and muscles, e.g.
through altered splicing and altered cellular localization
(MBNL1/2) and post-translational modification (CELF1)
(9,84,85).

In conclusion, we connected developmentally regulated
splicing events with those dysregulated in DM1. This pro-
vides insights into the DM1 disease mechanism and helps
to prioritize splice events for further investigation.

DATA AVAILABILITY

All software used in the RNA-Seq data processing can be
acquired via the following links:

e STAR 2.7.0f
releases/tag/2.7.0f)

e Samtools 1.9 (http://www.htslib.org/doc/1.9/samtools.
html)

e RNASeqQC 2.3.5 (https://github.com/getzlab/rnaseqc/
releases/tag/v2.3.5)

e MISO 0.5.4 (https://pypi.python.org/pypi/misopy/0.5.4)

e rnaseqlib 0.1 (https://github.com/yarden/rnaseqlib)

e ClueGO 2.5.8 (https://apps.cytoscape.org/download/
cluego/2.5.8)

e edgeR 3.28.0 (https://bioconductor.org/packages/release/
bioc/html/edgeR.html)

e psych  1.8.12  (https://cran.r-project.org/src/contrib/
Archive/psych/psych_1.8.12.tar.gz)

e ppcor 1.1  (https://cran.r-project.org/web/packages/
ppcor/index.html).

(https://github.com/alexdobin/STAR/

The collapse_annotation.py script can be downloaded
from the GTEx GitHub repository (https://github.com/
broadinstitute/gtex-pipeline/tree/master/gene_model).
GENCODE release v26 annotation files are available un-
der https://www.gencodegenes.org/human/release_26.html.
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The comprehensive GENCODE v26 annotation in
the UCSC genePred format can be retrieved via
http://hgdownload.soe.ucsc.edu/goldenPath/hg38/
database/wgEncodeGencodeCompV26.txt.gz.

The R scripts that were used to create all figures and ta-
bles are available in the GitHub repository (https://github.
com/cmbi/BrainDM1).

Data access for the BrainSpan Atlas of the Devel-
oping and Adult Human Brain and GTEx project
must be requested from dbGaP (BrainSpan study
accession: phs000731.v2.pl; GTEx study accession:
phs000424.v8.p2). Raw gene-level counts for GTEx can
be downloaded from the public GTEx portal (release
V8, https://gtexportal.org/home/). The RNA-Seq data of
Otero et al. (2021) is available on GEO (study accession:
GSE157428).

SUPPLEMENTARY DATA
Supplementary Data are available at NARGAB Online.
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