N

N

Tissue- and cell-specific whole-transcriptome
meta-analysis from brain and retina reveals differential
expression of dystrophin complexes and new dystrophin

spliced isoforms
César Garcia-Cruz, Jorge Aragon, Sophie Lourdel, Ahrmad Annan, Jérome E

Roger, Cecilia Montanez, Cyrille Vaillend

» To cite this version:

César Garcia-Cruz, Jorge Aragén, Sophie Lourdel, Ahrmad Annan, Jéréme E Roger, et al.. Tissue- and
cell-specific whole-transcriptome meta-analysis from brain and retina reveals differential expression of
dystrophin complexes and new dystrophin spliced isoforms. Human Molecular Genetics, 2023, 32 (4),
pp.659-676. 10.1093/hmg/ddac236 . hal-03839794

HAL Id: hal-03839794
https://cnrs.hal.science /hal-03839794

Submitted on 4 Nov 2022

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://cnrs.hal.science/hal-03839794
https://hal.archives-ouvertes.fr

Human Molecular Genetics, 2022, Vol. 00, 00, 1-18

https://doi.org/10.1093/hmg/ddac236
OXFORD Advance access publication date 20 September 2022

Original Article

Tissue- and cell-specific whole-transcriptome
meta-analysis from brain and retina reveals differential
expression of dystrophin complexes and new dystrophin
spliced isoforms

César Garcia-Cruz®?T, Jorge Aragén® T, Sophie Lourdel?, Ahrmad Annan?, Jérdme E. Roger?3#+*, Cecilia Montanez'#* and

Cyrille Vaillend (5)2+*

1Departamento de Genética y Biologia Molecular, Centro de Investigacién y de Estudios Avanzados del IPN, 07360 Ciudad de México, Mexico
2Institut des Neurosciences Paris Saclay, Université Paris-Saclay, CNRS, 91400 Saclay, France
3CERTO-Retina France, 91400 Saclay, France

*To whom correspondence should be addressed. E-mail: cyrille.vaillend@u-psud.fr (C.V.); cecim@cinvestav.mx (C.M.); jerome.roger@universite-paris-saclay.fr (.E.R.)
TThe authors wish it to be known that the first two authors should be regarded as joint First Authors.
#The authors wish it to be known that the last three authors should be regarded as joint Corresponding Authors.

Abstract

The large DMD gene encodes a group of dystrophin proteins in brain and retina, produced from multiple promoters and alternative
splicing events. Dystrophins are core components of different scaffolding complexes in distinct cell types. Their absence may thus alter
several cellular pathways, which might explain the heterogeneous genotype-phenotype relationships underlying central comorbidities
in Duchenne muscular dystrophy (DMD). However, the cell-specific expression of dystrophins and associated proteins (DAPs) is still
largely unknown. The present study provides a first RNA-Seq-based reference showing tissue- and cell-specific differential expression
of dystrophins, splice variants and DAPs in mouse brain and retina. We report that a cell type may express several dystrophin complexes,
perhaps due to expression in separate cell subdomains and/or subpopulations, some of which with differential expression at different
maturation stages. We also identified new splicing events in addition to the common exon-skipping events. These include a new exon
within intron 51 (E51b) in frame with the flanking exons in retina, as well as inclusions of intronic sequences with stop codons leading to
the presence of transcripts with elongated exons 40 and/or 41 (E40e, E41e) in both retina and brain. PCR validations revealed that the new
exons may affect several dystrophins. Moreover, immunoblot experiments using a combination of specific antibodies and dystrophin-
deficient mice unveiled that the transcripts with stop codons are translated into truncated proteins lacking their C-terminus, which
we called N-Dp427 and N-Dp260. This study thus uncovers a range of new findings underlying the complex neurobiology of DMD.
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Graphical Abstract

Differential expression of dystrophins and dystrophin-associated proteins.
Identification of new dystrophin splicing events.
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Introduction

The X-linked Duchenne muscular dystrophy (DMD) gene is among
the largest genes reported to date from which a full transcript
of about 14 kb can be produced from three independent pro-
moters, driving the expression of full-length dystrophin proteins
of 427 kDa (Dp427) in both skeletal muscle and central ner-
vous system (CNS). The Dp427 mRNA is composed of 79 exons
and the protein contains four domains: an N-terminal actin-
binding domain, a central rod domain, a cysteine rich region
and a C-terminal domain that can interact with proteins of the
dystrophins-associated glycoprotein complex (DGC) such as the
transmembraneous dystroglycans, and cytosolic dystrobrevins
and syntrophins (1). Four other internal promoters produce N-
terminal truncated dystrophins named Dp260, Dp140, Dp116 and

Dp71 according to their molecular weight, which hold in common
the C-terminal domains allowing interaction with DGC. Activation
of these distinct promoters is regulated in a tissue- and cell-
specific manner (see (2) for a review).

The distinct DMD/Dmd-gene products have been detected in
the CNS, including brain and retina; however, their precise local-
ization in various cells is still unclear. It is critical to better
understand their function and how their loss or altered expres-
sion in Duchenne and Becker muscular dystrophies (DMD/BMD),
respectively, leads to cognitive, behavioural and sensory deficits
(3,4). In the CNS, the full-length Dp427 dystrophins are primarily
expressed in cortical/cerebral structures (Dp427c) and in cerebel-
lar Purkinje cells (Dp427p). Expression of the N-terminal trun-
cated dystrophins is also finely regulated in the CNS. Dp260 is
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expressed in retina from a promoter located in intron 29 and
its first unique exon is fused with exon 30. The transcriptional
start site (TSS) of Dp140 is in intron 44, while its translation start
site is found in exon 51. Dp140 is expressed in CNS and kidney
but is absent in muscle. Dp116 is transcribed from a promoter in
intron 55 in peripheral-nerve Schwann cells, yet it has also been
observed in glioblastoma cells (5). The last promoter located in
intron 62 encodes the shortest dystrophins, Dp71 and Dp40. Dp71
is the most widely expressed dystrophin-gene product in non-
muscle tissues. Dp40 is expressed from the same promoter but
ends at exon 70 due to an alternative polyadenylation signal that
is present atintron 70 (6); it has been detected in central neuronal
synapses (7) and has an important role in the neuronal differen-
tiation of PC12 cells (8). Among all described dystrophin proteins,
Dp40 is the only known isoform truncated at the C-terminal part.

Dystrophins thus constitute a family of proteins with multi-
ple products of various molecular weights. Additionally, splice
variants have also been characterized, leading to the existence
of subfamilies of dystrophins including several isoforms at the
carboxy terminus (9-12). Moreover, the diversity of dystrophin
proteins and isoforms promote the formation of different DGCs
in distinct CNS cell types (1,13). Similarly, distinct DGCs are also
likely present in the retina in association with Dp71 in Muller
glial cells, or with other dystrophins (Dp427, Dp260, Dp140) in
rod/cone photoreceptor terminals, bipolar and amacrine cells, yet
their composition and regulation remain to be determined (14).

In the present study, we performed an in-depth meta-analysis
of existing transcriptomic data published by others (15,16) as well
as recently generated data by our groups (17) to better detail the
expression of dystrophin isoforms and DGC components in both
brain and retinal tissues as well as in purified cells. As expected,
we found differential expression of dystrophins and associated
proteins in distinct brain and retinal tissues and cell types. Recent
advances in RNA sequencing have unveiled a range of naturally
skipped exons within the DMD gene, as well as pseudoexons or
cryptic exons encoding stop codons within large intronic regions
(18-20). We therefore sought for non-annotated splicing events
to reveal new isoforms. As such, we unveiled the presence in the
retina of an in-frame putative exonic sequence within intron 51,
between exon 51 and 52, and premature stop codons followed
by putative 3’ untranslated regions (UTRs) in intron 40 and 41
that result in truncated dystrophins. These newly identified iso-
forms were validated by a combination of PCR primers and anti-
dystrophin antibodies, which revealed that several dystrophins
are affected by these new splicing events, some of which being
responsible for the presence of new dystrophin isoforms trun-
cated at the C-terminus.

Results
Dmd-gene mRNAs in CNS tissues and cells

The cell-specific expression of all dystrophin-gene products from
mouse brain was identified using a previously published brain
RNA-Seq database (16), which includes the transcriptome and
splicing database of neuron, astrocyte, microglia, endothelium,
oligodendrocyte precursor cells (OPC), newly formed oligodendro-
cytes (NFO) and myelinating oligodendrocytes (MO) of the cerebral
cortex. The DMD gene undergoes complex regulations leading
to the specific expression of distinct dystrophins produced from
independent internal promoters (Fig. 1A). A basic gene search for
expression of Dmd-gene transcript in this database was insuf-
ficient to account for this complexity and only revealed that
the Dmd gene is active in all cell types, with highest levels in
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astrocytes (Supplementary Material, Fig. S1). Therefore, we under-
took a detailed analysis of this brain database, including manual
screening from 5’ to 3’ end seeking for new features, and we also
used our unpublished database generated from hippocampal and
cerebellar tissue samples of wild-type (WT) mice. To compare
with expression of dystrophins in retina, we further analysed
other databases (15,17) to determine expression of dystrophins in
the retina from P30 WT and rd10 mice, carrying a hypomorphic
mutation in Pde6b, a gene involved in rod phototransduction. In
this model with autosomal recessive retinitis pigmentosa, reti-
nal degeneration starts around P15. Secondary cone cell death
occurs after death of primary rod cells, which have practically all
disappeared around P30. Therefore, the use of rd10 at P30 allows
removing a vast majority of the genes expressed in rod photore-
ceptors, which outnumber other retinal cell types. To complete
the retinal expression analysis, we added a database from flow-
sorted photoreceptor (FSPR) cells at postnatal day 2 (P2) and 28
(P28) from WT mice and Nrl~/~ mice. The retina of Nrl~/~ mice
only contains functional cone-like photoreceptors at the expense
of rods, due to a mutation in the rod-specific neural retina leucine
zipper transcription factor (21,22).

Using these different datasets, we generated a heatmap rep-
resenting expression values in log2 (FPKM) for each annotated
exons, as well as for the first specific exon of each dystrophin
(Fig. 1B). Overall, the exons comprised from E63 to E79, corre-
sponding to the C-terminal part of dystrophins, had the highest
brain expression levels. This could be largely attributed to the
well-known major expression of Dp71 in brain, as confirmed by
the high expression level of the specific first exon of Dp71 in the
astrocyte samples. In contrast, but as expected, the exons with
highest expression in retina comprised E30 to E79, reflecting main
expression of the retina-specific Dp260. As expected, expression
levels of the full-length dystrophin mRNAs were lower than the
major brain product, Dp71 or the retina-specific Dp260 in retina.
The specific 5 UTR of muscle Dp427m (M in Fig. 1B) was virtually
absent or expressed below the detection threshold, in all brain
and retina samples. In contrast, Dp427c mRNA (C in Fig. 1B)
was expressed in all brain tissue samples (cortex, hippocampus,
cerebellum), while Dp427p mRNA (P in Fig. 1B) was only detected
above threshold in the cerebellum. In all, the general expression
pattern of the distinct CNS dystrophins, determined by presence
of detectable amounts of reads in their specific first exons or
3’ UTR (see also Fig. 2A), was in line with current knowledge (2)
and with quantification of the 79 Dmd individual exons, thus
supporting the reliability of our approach.

Ourin-depth analysis of the heatmap also unveiled several new
findings. Importantly, we first found that dystrophins are virtually
absent in microglial cells. Secondly, we found that Dp116, usually
described as a specific dystrophin of the peripheral nerve, was
transcribed in whole cortex samples from WT mice, but not in
hippocampus and cerebellum. In purified cortical cell samples,
Dp116 mRNA was detected in neuron, astrocyte, OPC and NFO.
This suggests expression of Dpl16 in specific subdomains or
subpopulation of brain cells. Dp116 mRNA was also detected
in mature photoreceptors in the retina, which further support the
presence of this dystrophin in CNS. Thirdly, we found that several
dystrophins can be expressed in the same tissues and/or cell types
(see also Fig. 2A). In the brain, Dp427c mRNA was detected in
cerebellar samples, indicating that Dp427p is not the unique full-
length dystrophin transcript in cerebellum. Reads of sequences
from Dp427c mRNA were not only found in neurons, which
was expected, but also in astrocyte and OPC. Dp140 mRNA was
detected in neuron, astrocyte and in all oligodendrocyte-related
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Figure 1. Dystrophin-gene transcripts expression in retina and brain tissue and cells. (A) Schematic representation of the Dmd gene and its products.
The top drawing shows the position (E: exon; I: intron) of the transcription start of each dystrophin (arrows) within the 79 exons/introns of the gene.
The related dystrophin proteins are depicted below, showing the spectrin-like repeats (blue rectangles), hinge domains (green rectangles) and specific
N-terminus due to their first unique exons (red symbols). For Dp140, which translation start site is located within exon 51, specific expression in the
RNA-Seq database was determined by presence of its specific 5" UTR. (B) Heatmap of the transcriptional expression levels of the Dmd gene, from top
to bottom in purified brain cell types, brain tissues, retinal tissues and purified retinal photoreceptors, as indicated on the right. Each column of the
heatmap represents one exon of the Dmd gene (exon numbers indicated at top of heatmap) or specificintrons as indicated at bottom to point to promoters
and new identified features (x). Relative expression in FPKM is represented by colors from grey to dark red (highest number of reads) as indicated on the
color-key scale (bottom). Specific first exons are indicated by arrowheads, for Dp427 in brain tissues (C), muscle (M) and Purkinje cells (P), Dp260, Dp140,
Dp116 and Dp71. The specific 3 UTR of Dp40 is shown by an arrow. Newly identified splicing events, E40e, E41e and ES1b, respectively detected in retina
samples within introns 40, 41 and 51 are shown by asterisks. WT: wild-type mouse; Rd10: Retinal degeneration 10 mice; OPC: oligodendrocyte precursor
cell, NFO: Newly-formed oligodendrocyte; MO: myelinated oligodendrocyte; FSPR: flow-sorted photoreceptors; NRL: mice null for neural retina leucine
zipper transcription factor (NRL~/~) which retina contains no rod; P2: postnatal day 2; P28: postnatal day 28.

cells (OPC, NFO, MO). Dp71 mRNA showed expression in all cell
types except microglia and MO; it was the only Dmd product found
in endothelial cells. Dp71’s strongest expression was in astrocytes,
and lower levels were detected in neuron, endothelial cell, OPC
and NFO. In contrast, its truncated isoform transcript, Dp40, was
detected in brain cortex tissue samples from WT mice, and at the
cell level in neuron, as reported (7), as well as in astrocyte and
OPC. In all, oligodendrocyte-related cells had different profiles
of dystrophins expression, with highest levels and number of
dystrophins in OPC compared with NFO and MO.

Several Dmd-gene products were also detected in retina. While
full-length Dp427 has been previously detected in retina (14), here
we surprisingly found that Dp427p was the only Dp427 transcript
expressed in all cell and tissue retinal samples. The Dp427p has
two developmentally regulated isoforms, Dp427p1 and Dp427p2,
but only Dp427p1 translates into a protein (GenBank NM_004009

and NM_004010). We confirmed that only Dp427p1 was detected
in all our samples. The transcript of Dp260, known to be selec-
tively expressed in retina, was not found in the brain tissues
and only detected in retina samples. Two isoforms of Dp260 have
been reported, Dp260-1 and Dp260-2 (GenBank NM 004011 and
NM 004012), but only Dp260-2 was detected and analysed. As
expected, detection of E30 to E79 reflecting Dp260 was drastically
reduced due to retinal degeneration in the rd10 mice, confirm-
ing Dp260 is a major dystrophin of the photoreceptors. Dp140
expression was also absent in rd10 mice, confirming it is also
expressed in photoreceptors (14). Several dystrophin mRNAs were
also detected in FSPR of the retina. Dp260 mRNA was highly
expressed in FSPR; its expression was lower in cone-only FSPR of
Nrl~/~ mice, suggesting it is more expressed in rods than cones.
We also found that expression of retinal dystrophins is regu-
lated during photoreceptor maturation. Thus, Dp116 mRNA was
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Figure 2. Relative expression of mRNA from genes coding dystrophin and associated proteins. (A) Heatmaps of the mRNA expression levels for dystrophin
(left panel) and associated proteins (right panel) in brain (cortex) and retinal purified cell types are indicated between the two heatmaps. Expression of
dystrophins based on reads corresponding to specific first exons or 3’ UTR. WT: flow-sorted rod/cone photoreceptors; NRL: flow-sorted cells from cone-
only retinas of NRL™/~ mice. P2/P28: postnatal days 2 and 28. Gene/protein names are as follows: Utrn/UTR: utrophin, snt/SYN: syntrophin, Dtn/DB:
dystrobrevin, Sgc/SG: sarcoglycan, Dagl/DG: dystroglycan. (B) Schematic representation of presumed dystrophin-associated complexes in brain cell
types based on relative expression in heatmaps. Protein names below each diagram correspond to detected transcripts with lower relative expression
level in heatmaps compared with isoforms of the same DAP family included in the diagram. (C) Schematic representation of presumed dystrophin-
associated complexes in retinal cell types based on relative expression in heatmaps. Estimation of expression in rod photoreceptors is based on a larger
expression in flow-sorted cone/rod cells (WT) compared with cone-only cells (NRL). Immature (P2); mature (P28). Protein names below each diagram
correspond to detected transcripts with lower relative expression level in heatmaps compared with isoforms of the same DAP family included in the
diagram.
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only detected in mature photoreceptors (P28) but not at P2. Dp140
mRNA was not detected in cone-only (Nrl~/~) retina at P2, suggest-
ingitis likely expressed in rods at this age, but not in cones. How-
ever, the Dp140 transcript was detected in mature cones at P28.
Dp71 mRNA was only expressed in immature photoreceptors (P2)
but not in mature photoreceptors (P28), in line with its selective
expression in Miiller glial cells in the mature retina (23). The Dp40
isoform was found at P2 and was selectively detected in cone-like
cells from Nrl~/~ mice at P28.

Distribution of distinct dystrophin-associated
complexes in CNS

A search in the databases for dystrophin-associated proteins
(DAPs) revealed a complex cell-dependent distribution of a range
of DAP isoforms (Fig. 2A). Dystroglycan (Dagl gene), the key
transmembrane component of DAP complexes, was found in all
brain and retina cell types, as well as the cytosolic «1-syntrophin
(@1-SYN, Sntal gene), a-dystrobrevin («-DB, Dtna gene) and g-
dystrobrevin (8-DB, Dtnb gene), and the transmembrane 8- and
e-sarcoglycans (SG) (Sgcb and Sgce genes, respectively). The g2-
syntrophin (82-SYN) isoform (Sntb2 gene) was found in all cells
except MO. The mRNA of the dystrophin paralogue, utrophin
(UTR, Utrn gene), was found in all cell types except in mature
(P28) flow-sorted photoreceptors of WT mice, suggesting a main
expression in mature cone-like cells in the retina. The other DAPs
detected in subsets of cell types included B1-, y1- and y2-SYN
(Sntb1, Sntgl and Sntg2 genes), and «-, §- and y-SG (Sgca, Sgcd
and Sgcg genes). A detailed review of DAPs expression allowed us
to represent the putative DAP complexes expressed in each brain
andretina cell type (Fig. 2B and C, respectively), based on the DAPs
showing higher transcription levels compared with other isoforms
of the same family. Figure 2C shows the main components of DAP
complexes in neurons (Dp71, «1/81-SYN, a-DB, B-SG), astrocytes
(Dp71/Dp40, «1-SYN, «-DB, B-SG), endothelial cells (UTR, g2-
SYN, B/e-SG), microglia (UTR, «1-SYN, £-SG), OPC (Dp140/Dp71,
a1/y1-SYN, a-DB, B-5G), NFO (Dp140/Dp116, «1-SYN, «-DB, 8-SG),
MO (Dp140, 1-SYN, a-DB, 8-SG), immature cones (Dp260/Dp40,
a1/B2-SYN, ¢/B-SG), mature cones (Dp40, a1/y2-SYN, 8-DB, B-SG),
immature rods (Dp140/Dp260/Dp40/Dp427p, UTR, y1/81/82-SYN)
and mature rods (Dp260, «1/y2-SYN, B-DB). Many other Dmd-
gene products and DAPs also detected at an apparent lower level
in these cells are listed below each diagram. This highlights the
diversity of the DAP complexes that could be detected among and
within brain and retina cell types.

Alternative splicing affecting dystrophins in CNS

Alternative splicing of specific exons, exon junctions and
inclusions of intronic sequences were analysed using Sashimi
plots in the IGV tool (Supplementary Material, Fig. S2A). We
first quantified the number of reads corresponding to junctions
between E77 and E79, reflecting skipping of E78 (AE78), compared
with reads reflecting mRNA containing E78 (+E78). This known
alternative splicing of the penultimate exon of the DMD gene
may likely affect several if not all dystrophin-gene products, and
it is commonly used to define the two main families of Dp71
proteins, the Dp71d family that contains E78 and the Dp71f
family that lacks E78 (24). The presence of E78 was observed
in the majority of transcripts in mature/adult cells and tissues
(Supplementary Material, Fig. S2B and C). However, E78 exclusion
(AE78) was also detected in substantial quantities in both brain
and retinal adult tissues (Supplementary Material, Fig. S2B), yet
its calculated proportion (100 x reads with AE78/total number
of reads) remained <30% as compared with mRNA containing

E78 (+E78) in all tissues. Likewise, AE78 events were observed in
about 18% of transcripts in purified cortical cells (169 reads in
12 samples) (Supplementary Material, Fig. S2C), in line with our
previous study showing that E78 exclusion in Dp71, the most
abundant dystrophin in the brain, is found in about 20% of Dp71
isoforms in the adult brain (24). However, the relative proportion
of AE78 transcripts differed among cell types: There was a ratio
of 20/80% for AE78/E78 in neurons and OPC, 15/85% in astrocyte
and NFO, while it was of 55/45% in endothelial cells and absent in
microglia where dystrophin expression was barely undetectable.
In retinal photoreceptors (Supplementary Material, Fig. S2D),
whether they were purified from WT or Nrl~/~ mice, the majority
of mRNA contained E78 at the mature stage (P28), while an
opposite distribution was observed in immature photoreceptors
at P2, with a major occurrence of AE78 events, indicating that
loss of exon 78 may be regulated during postnatal development. In
summary, all mature brain and retinal tissues and cells expressed
both mRNAs containing and lacking E78, while only retinal
immature (P2) FSPR expressed a majority of mRNA with splicing
out of E78.

Other exon skipping events were also detected in brain and
retinal tissue and cell samples. Events were detected as few
reads (<5 reads per sample) leading to exclusion of exons
34, 38, 39, 38-39, 41, 72-74, 73-74 and 71-78. As expected,
however, skipping of annotated exons were mostly located in
the distal part of the genomic sequence between exons 68 and
79 (Supplementary Material, Fig. S3A). As expected from previous
reports, AE71 was frequently detected in the brain, yet with some
differences depending on the brain structure (60% in cerebellum,
48% in hippocampus, 21% in cortex). It was predominantly found
in neurons (33%), then in OPC (20%) and NFO (21%). Its higher
frequency in retina from rd10 mice (44%) compared with WT
retina (16%) suggests that it rather occurs in non-photoreceptoral
cells. Skipping of E71 to E74 (AE71-74) was mostly found in
hippocampal tissue (19%), but it was not frequent in purified
cortical cell types. In all, loss of E78 (AE78) was the main splicing-
out event in the distal part of the Dmd gene in CNS purified cells,
except for cortical neurons (only 48%), followed by AE71, while
AE71-74 was mainly found in hippocampus and WT retina.

Identification of new splicing events in Dmd gene

Numerous peaks of reads within intronic regions (introns
40, 41 and 51) of dystrophin mRNA were detected in retinal
samples and in FSPR cells (asterisks in Fig. 1B and table in
Supplementary Material, Fig. S3B). The peak of reads within
intron 51 was the most frequent posttranscriptional modification,
relatively more expressed in mature (P28) compared with
immature (P2) photoreceptors. Importantly, these reads did not
correspond to a UTR and were connected to neighbouring exons
according to Sashimi plots constructed with the IGV software
(Supplementary Material, Fig. S4A). This suggested that it could
be considered, at least in the retina, as a putative exonic sequence
that we called E51b. Reads within intron 40 were also connected
to neighbouring exons, while reads of intron 41 were connected
to exon 41 but not exon 42 (Supplementary Material, Fig. S4B).
These observations strongly suggested the expression of new
Dmd isoforms, produced by the addition of a new unannotated
exon E51b or by partial inclusion of intronic elements fused with
known annotated exons, which we named E40e and E41e as they
may lead to elongation of exons 40 and 41. Based on the position
of these clusters of reads, we deduced that they potentially belong
to several dystrophin mRNAs (Supplementary Material, Fig. S4C).
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Validation of an alternative unannotated exon 51 (E51b)

Sequence analysis revealed that E51b corresponds to an in-
frame sequence of 36 bp of intron 51 inserted between E51
and E52. The mouse intron 51 has 57507 bp and E51b cor-
responded to 52544-52579 bp within intron 51 and ChrX:
84526910 to 84526945 at the genomic level (ChrX: 31733081-
31733116 for human genomic position). To evaluate the pres-
ence and strength of alternative splice sites, we performed
in silico analyses using splicing prediction tools. The Net-
Gene2-2.42 server (https://services.healthtech.dtu.dk/service.
php?NetGene2-2.42) (25) and the Splice Site Prediction by Neural
Network-BDGP  (https://www.fruitfly.org/seq_tools/splice.html)
(26) predicted that E51b could have a cryptic consensus sequence
adjacent to the canonical dinucleotide GT-AG splice sites
(Supplementary Material, Fig. S5A and B). Prediction scores of
these putative acceptor and donor sequences were close to those
of the WT splice sites (Supplementary Material, Fig. S5C and D),
indicating that they could function as donor and acceptor
splice sites. Similar scores were obtained for the human and rat
sequences (data not shown).

To validate its presence specifically in retinal samples
at the mRNA level, we first designed two sets of primers
(Supplementary Material, Table S1). One set was flanking this
region (ESOF and E53R) and the other set included one internal
primer of E51b (ES1bF) and E53R (Fig. 3A). PCR products from RT-
PCR using primers ESOF and E53R revealed a band corresponding
to the mRNAs that included E51b, which was selectively detected
in retina at the expected size (601 bp) (Fig. 3A, upper panel). A
faint band corresponding to the WT sequence was also observed
(white arrowhead), thus showing that this inclusion of E51b
is more frequent in retina. In contrast, cerebellum, cortex,
hippocampus, brain and skeletal muscle only expressed the WT
mRNA (565 bp, arrowhead). To confirm that the E51b is only
present in retina, we used ES1bF and E53R primers. As expected,
the band corresponding to cDNAs with the E51b sequence (269 bp)
was only found in the retina sample (Fig. 3A, middle panel).
Moreover, we found that the band corresponding to this mRNA
was only present in WT mice, not in exon 52-deleted mdx52 mice,
which further confirmed that it belongs to dystrophin transcripts
(Fig. 3B).

The PCR products (E50-E53) from retina shown in Fig. 3A were
subcloned into the pGEM-T Easy vector (Promega, Madison, W1,
USA) followed by Escherichia coli DHSe cell transformation. PCR
screening on the colonies was performed using E50F and E53R
primers. Among seven colonies containing the insert, six were
identified with ES1b and only one contained the WT product
(Fig. 3C). This agrees with the band intensity of the PCR results in
Fig. 3A. Plasmid sequencing confirmed that both E51b-containing
and WT cDNA sequences were expressed in the retina, while
the sequencing of PCR products from brain and muscle tissues
only corresponded to the WT sequence (Fig. 3C). DNA sequenc-
ing demonstrated that the presence of E51b preserves the open
reading frame, and thus introduces 12 additional amino acids
(LVESMMNSHLQG) between E51 and E52 (Fig. 3C).

Finally, using forward primers corresponding to dystrophins’
specific first exons to Dp260 and Dp140, or primer E29F to
exon 29 for Dp427, associated with the reverse primer E51bR
(Supplementary Material, Table S1), we detected intense bands
for E51b-containing mRNAs with expected sizes corresponding to
Dp427, Dp260 and Dp140 mRNAs (Fig. 3D). Additional faint bands
of lower molecular weights might correspond to mRNA with
additional splicing out of exons, as it was occasionally detected
between E29 and E53 in the heatmap’s analysis.
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Validation of intron 3’'UTR insertions

Our RNA-Seq analyses revealed a junction of a part of 140 with
E40 or 141 with E41, which may lead to an elongated exon 40
that we called E40e, and an elongated E41 that we called E4le
(asterisks in Fig. 1B). We hypothesized that the contigs formed by
the sequences in intron 40, E41 and sequences in intron 41 formed
putative 3'UTRs of the Dmd transcripts. For validation by PCR from
cDNA, we designed primers for exons 39 and 42 flanking these
regions (E39F and E42R), as well as internal primers corresponding
to insertions of introns 40 (E40eR) and 41 (E41leR) sequences
(Supplementary Material, Table S1). The E39F and E42R primers
amplified an mRNA at the expected size of a WT sequence (450 bp)
(Fig. 4A, top gel panel). This WT sequence was detected in all
tissue samples (retina, cerebellum, cortex, hippocampus, brain
and skeletal muscle). The E39F-E42R primers also revealed an
additional band of 267 bp (not shown), likely corresponding to the
occasional skipping of exon 41 (27). The E39F and E40eR primers
amplified two bands (Fig. 4A, middle gel panel). The first band had
an expected size of 512 bp corresponding to the cDNA containing
E40e and was detected in retina, cerebellum, cortex and whole
brain, but not in hippocampus and skeletal muscle. This however
suggested that E40e is expressed at low levels in some brain struc-
ture, in addition to its main expression in retina. The second band
was detected at 214 bp. DNA sequencing of PCR products from
retina and cerebellum, and in silico analyses (Fig. 4B), revealed that
the upper band corresponded to the sequence containing E39 and
E40 fused with 140 (E40e), while the lower band corresponded to a
loss of the first 298 bp of the 5 intronic region (AE40e). Both E40e
and AE40e were predicted to generate truncated proteins due to
the presence of a stop codon (Fig. 4B).

Thus, the RT-PCR analyses revealed two main transcripts, one
containing 328 bp of intron 40 (E40e, 512 bp) and another contain-
ing the spliced-out form lacking 298 bp of the 5’ sequence of intron
40 (AE40e, 214 bp). Interestingly, retention of full-length intron 40
or alternatively spliced intron 40 has been previously reported in
human tissues and cells (28-30), in line with our present obser-
vations. Here, Sashimi plots (Supplementary Material, Fig. S4B)
only detected transcripts containing AE40e, which show overt
connection with E40 and E41. However, our RT-PCR assays (Fig. 4)
revealed that both the unspliced form (E40e) corresponding
to the full-length intron 40 (805 bp) and the spliced form
(AE40e) that contains the last 507 bp of intron 40 may be
included in the mature transcripts. As for E51b above, splicing
prediction tools revealed that AE40e may have new putative
acceptor sequence with prediction score higher than those of
the WT splice sites (Supplementary Material, Fig. S5C and D),
indicating that it could function as acceptor splice site. Due to
the presence of premature stop codons, both E40e and AE40e-
containing transcripts were predicted to translate as truncated
proteins.

To determine if the cDNAs containing E40e take part in Dp427
and/or Dp260 transcripts in retina, we then used specific forward
primers for E29 of Dp427 (E29F) and specific exon 1 of Dp260 (I29F)
combined with the E40eR primer, or with E42R primer to amplify
the WT sequences (Fig. 4C). Both E29F and 129F primers combined
with E40eR revealed a doublet of bands suggesting that E40e may
be present in these two dystrophins, either complete or partially
deleted due to the splicing of E40e described in Fig. 4A.

Insertions of sequences from intron 41 (E4le) were first
revealed by Sashimi plots showing reads for E41 fused with
reads of E42 (WT mRNA) as well as reads spanning intron
41, fused with E41 but not with exon 42 in both mouse
(Supplementary Material, Fig. S4B) and human tissues (Fig. 5B).
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Figure 3. Validation of a small new exon within intron 51 (E51b). (A-D) Total RNA obtained from retina (R), cerebellum (Cb), cortex (Cx), hippocampus
(H), whole brain (B) and skeletal muscle (M) was used to perform RT-PCR assays using specific primers to detect selective dystrophin exonic and intronic
regions, as shown in the associated diagrams where the size of intron 51, E51b, position of primers and expected size of PCR products is indicated.
Molecular weight (bp) is indicated on the left for each gel figure. (A) Upper panel: PCR products obtained with E50F and E53R primers, revealing selective
amplification of mRNA containing E51b (601 bp) in retina, and presence of the WT band (565 bp) in all tissues. Note presence of a faint WT band in retina
(arrowhead). Middle panel: PCR product detected using primers E51bF and ES3R showing E51b (269 bp) mRNA amplification only in retina. Lower panel:
Control amplification of g-actin mRNA. (B) PCR product obtained with E51bF and E53R primers, revealing selective amplification of mRNA containing
E51b (269 bp) in retina of WT mice and its absence in the exon 52-deleted mdx52 mouse. (C) Analysis of transformant colonies with pGEM-T Easy-
WT/E51b. Left panel: PCR products from retina (as shown in A, upper panel) were gel-purified, ligated into the pGEM-T Easy vector and used to transform
Escherichia coli DH5« cells. Transformant colonies were screened by PCR with primers ESOF and E53R. Lane 1 and 3: Colonies with E51b sequence. Lane 2:
Colony with WT sequence. Right panel: DNA sequencing of the WT and E51b-containing plasmids, aligned with the sequenced WT PCR product from
brain and muscle, and with the reference dystrophin sequence from Genebank (dystrophin). Sequencing was carried out with primers E50F and E53R.
Putative amino acid sequence of E51b is shown at the bottom. (D) PCR products corresponding to Dp427, Dp260 and Dp140 mRNA containing E51b
(E51b-Dp427/Dp260/Dp140) in mouse retina.

The size of intron 41 is 25977 bp for mouse and 31823 for
human, while the size of intron 41 retention ranged from 4000
to 6000 bp. Three different primers within 141 were used for
positive amplification of this region, at position 1122, 5024
and 6186 bp. The primer at position 1122 bp was the only
one in which amplification was observed, likely because the
lengths of PCR products obtained with the other primers were
excessive (>5000 bp). No canonical AATAAA polyadenylation
signals were found by direct exploration of the sequence until

1122 bp of intron 41 (positive amplification with the E41eR primer)
and by alignment (Supplementary Material, Fig. S6A) with the
human sequence in which a polyadenylation site was recently
identified (31). However, several putative polyadenylation sites
were found by direct screening from 2383 to 6212 bp of intron
41 (Supplementary Material, Fig. S6B) that could function as
polyadenylation sites.

RT-PCR assays validated the presence of E41le in retina, and to a
lower extent in brain and muscle tissues. This E39F-E41eR primer
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Figure 4. Validation of elongated exons, E40e and E41le. (A and C-E) Total RNA was obtained from retina (R), cerebellum (Cb), cortex (Cx), hippocampus
(H), brain (B) and skeletal muscle (M) tissues, and RT-PCR assays were carried out using specific primers as depicted. Molecular weight (bp) is indicated on
the left for each gel figure. (A) Detection of mRNAs including E40e. The diagram shows the size of intron 40, position of primers and expected sizes of PCR
products. Gels show detected PCR products of WT mRNA (450 bp, top panel), E40e-containing mRNA (512 bp) and additional lower band corresponding
to splicing leading to partial deletion of the E40e (214 bp, middle panel), and g-actin mRNA as loading control (bottom). (B) Sequencing and in silico
alignment with reference dystrophin sequence from GenBank, showing stop codons in E40e and AE40e. Corresponding amino acid sequence is shown
at bottom. Sequencing was carried out with primers E39F and E42R or E40eR for wild-type or E40e transcripts. (C) Diagram on the left shows position
of primers and expected sizes of retinal PCR products detected on gels (right panel) as WT and Dp427 and Dp260-related mRNA containing E40e or the
partially deleted AE40e (two bands). (D) Detection of mRNAs including E41e. The diagram shows the size of intron 41, position of primers and expected
sizes of PCR products (top) and gels showing presence of three bands corresponding to mRNA containing E41le, E41le + AE40e, E41e + E40e (from lower to
upper band). (E) Diagram showing position of primers and expected sizes of PCR products (top) and gels showing Dp427 or Dp260-related PCR products
containing E41le, as two bands corresponding to absence or additional presence of E40e, as indicated on the right.

220z $940j00 gz uo Jasn NSNI SUND-LSINI A9 09€80.9/9€22epp/BLuL/E60 "0 |/10p/a]ole-8ouBApPE/Buiy/WOod°dno-ojwapede//:sdjy Wwoly papeojumoq



10 | Human Molecular Genetics, 2022, Vol. 00, No. 00

A s M Foo el ‘gF_.‘_ :w:'m:wfun
e — T e
© E51+E51b+E52
A E51+E52 e
————————=t - A R EER—————
FE #‘\_ - - ° - s
,dl,f—»’ - .l - 1 = . + A 2 T e o | s Nl _
— = o—— T == —
M —@ S —
L — —_— A -
=AM S T——————————— 31743608 ————————————————————— S 2 31776095 .
A
E52 E51b E51
B [S T T ]
E41+E42 s
_— miil
1 . R 1A \ > \
——— !\ o
[ E41+E42 / ifw
|
A \Ll J y -y
T, © E40+E41
E4ltELS ' A E40+AE40e
[ i . Y VW ALLJL“m 4 Ve et .
— WA — i IV
e - -
— —
E41+E42 B
I//l At dbidd Al | b R
. ]I e || v
E41+E41e s & 4
32319605 32336482 =

A

E42

i

Ad A
E41

E41 E40

m
H
o

Figure 5. Detection of the new splicing events E51b, E40e and E4le in human retina. (A, B) Example of Sashimi plots with reads corresponding to
new splicing events responsible for presence of new unannotated exon and elongated exons in human whole-retina samples (each row is a distinct
sample); database from Ratnapriya et al. (67). (A) Inclusion of the new exon E51b between ES1 and E52. (B) The left image shows the intronic sequences
within intron 40 responsible for presence of E40e (red window) and contigs within intron 41 connected to E41 (black accolade) responsible for E41e. The
right panel is a zoomed view of the region that includes sequences in intron 40 connected to adjacent exons. Exon junctions and intron inclusion are

indicated.

pair identified three main bands (arrowheads in Fig. 4D) with
expected sizes likely corresponding to mRNAs containing E4le
(1489 bp), E41e and the spliced out of 140 (E41e + AE40e, 1996 bp),
E4le and the full-length 140 (E4le+ E40e, 2294 bp) (28,29). We
then used specific primers to amplify mRNAs corresponding to
Dp427 (E29F) and Dp260 (129F) paired with primer E41eR (Fig. 4E).
Detected bands had expected sizes corresponding to inclusion

of E4le in both Dp427 and Dp260-related mRNAs. There were
doublets of bands for each, likely corresponding to absence or
additional presence of E40e.

Overall, we identified new Dmd isoforms which may include
insertion of a new unannotated exon (E51b) in Dp427, Dp260 and
Dp140, as well as elongated exons, E40e and E41e, introducing stop
codons in both Dp427 and Dp260 mRNAs. Importantly, we also
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found that these new alternative events are all expressed in the
human whole retina, as shown in Sashimi plots derived from a
human RNA-Seq database (Fig. 5).

Translation of new truncated dystrophins in CNS

The putative expression of new truncated dystrophins due to
the translation of mRNAs containing E40e or E41le was tested by
means of a combination of specific antibodies and mouse models
of DMD lacking distinct dystrophins. As shown in Fig. 6A, we used
the monoclonal antibody DYS1, expected to selectively detect
Dp427 and the truncated Dp427 proteins, and the monoclonal 5G5
antibody expected to recognize both Dp427 and Dp260 full-length
and truncated dystrophins. The in silico analyses revealed that
truncated Dp427 should have a molecular weight of 220-230 kDa
while truncated Dp260 should have a molecular weight of 66—
74 kDa, depending on presence of E40e or E41e and on their occur-
rence in specific Dp427/Dp260 known isoforms (Fig. 6B). Moreover,
all Dp427 isoforms (WT and truncated) should be absent in tissues
from mdx23 mice, due to their mutation generating a stop codon
in exon 23, while Dp260 isoforms (WT and truncated) should
be unaffected. In the exon52-deleted mdx52 mice, the full-length
Dp427 and Dp260 proteins should be absent while their truncated
forms could theoretically be expressed.

Indeed, the DYS1 antibody detected the full-length Dp427 in
both cerebral and retinal tissues from WT mice, but not in mdx23
and mdx52 mice (Fig. 6C). The DYS1 antibody also revealed a
doublet band of about 220-230 kDa, which likely corresponded
to the truncated Dp427 isoforms generated from two distinct
mRNAs containing different intron 40 and/or 41 insertions. As
expected, the doublet band was absent in tissues from mdx23
mice, whereas it was readily detectable in both cerebral and
retinal tissues from mdx52 mice. The bands above 250 kDa in
WT brain (Br-wt) and cerebellum (Cb-wt) cannot correspond to
the retina-specific Dp260 as they were not detected in the WT
retina and were also absent in samples from mdx23 mice that still
express Dp260. They might reflect presence of some degradation
truncated products from Dp427. No product of 66-75 kDa was
detected with DYS1. As the truncated Dp427 lacks its C-terminal
part, we called it N-Dp427.

The 5G5 antibody (Fig. 6D) readily detected both Dp427 and
Dp260 full-length dystrophins in tissues of WT mice, but not
in mdx23 and mdx52 mice. In retina, there was a very strong
immunoreactive signal for Dp260 in both WT and mdx23 mice.
In contrast, there was no immunoreactive signal in mdx52 mice,
thus confirming that deletion of exon 52 prevents expression of
both Dp427 and Dp260. There was an apparent doublet band in
retina of WT and mdx23 mice. In a separate experiment (Fig. 6D,
bottom panel), we changed the migration conditions to better
separate these bands, which unveiled presence of Dp260 in both
WT and mdx23 mice, not in mdx52 mice. Strikingly, both WT and
mdx52 mice, but not mdx23 mice, expressed a doublet band of
about 220-230 kDa likely reflecting presence of the truncated
N-Dp427, as concluded from the immunoblot performed with
the DYS1 antibody. Importantly, the 5G5 antibody also reacted
with protein products of about 66-70 kDa, only in retina sam-
ples, suggesting detection of the short-truncated forms of Dp260
that we called N-Dp260. Visualization of a doublet of bands for
N-Dp260 was not possible preventing to firmly conclude that
this protein product was translated from transcripts containing
E40e and/or only E4le. In agreement with our initial hypotheses
(Fig. 6A), this short retinal product was detected in WT, mdx23 and
mdx52 mice.
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Discussion

The CNS (brain and retina) expresses most of the annotated
dystrophin-gene products and splice variants, which may explain
that distinct DMD gene mutations lead to heterogeneous brain
and retinal phenotypes. The present study provides a first RNA-
Seqg-based reference of the distribution of Dmd-gene products,
dystrophin variants and DAPs in mouse brain cells and reti-
nal photoreceptors, including a first description of differential
expression in rod and cone photoreceptors. It highlights that
multiple dystrophins and associated scaffolding complexes are
differentially regulated in CNS in distinct cell types and during
cell development, suggesting that a given cell type may express
several dystrophins and DAP complexes in distinct cell functional
domains and/or cell subpopulations. Another main finding is the
identification of new splicing events leading to alternative tran-
scripts, including a new exon within intron 51 in retina (E51b) and
elongated exons 40 and 41 (E40e, E4le). Importantly, elongated
exons included in these new transcripts contain stop codons,
leading to the translation of dystrophins that are truncated at
their C-terminus in both retina and brain tissues.

Differential expression of dystrophins and DAPs
in brain cell types

The reliability of our in-depth meta-analysis of RNA-Seq data
is supported by the identification of well-recognized expression
patterns of the dystrophins in CNS. We indeed confirm that Dp71
is the main dystrophin expressed in brain tissues, particularly
in astrocytes, while Dp260 is the major product in retina but is
absent in brain. As expected, the full-length Dp427c is detected
in brain and neurons, and Dp427p selectively in the cerebellum,
while muscle Dp427m is undetectable or expressed below the
detection threshold in CNS samples.

Our analysisis in line with a recent RNA-Seq and co-expression
study suggesting functional association of dystrophins with dis-
tinct cellular pathways in the human brain (32). In this latter
study, it was reported that Dp427p expression was minimal in
the adult human cerebellum as compared with Dp427c, contrary
to the expression pattern found in the mouse brain. Our present
analysis reveals that both Dp427p and Dp427c mRNA show sub-
stantial expression levels in the mouse cerebellum, which does
not support a predominant expression of Dp427p in cerebellum.
Surprisingly, we found detectable amounts of reads specific of
Dp116 in mouse cortical neurons, astrocytes and oligodendro-
cytes. This suggests that Dp116 is not selectively expressed in
Schwann cells of peripheral nerves.

One major conclusion of the present study is that each dys-
trophin can be expressed in several cell types, and that most CNS
cell types may express several dystrophins. Several dystrophins
have been recently detected in oligodendrocyte cell types (33),
but here we show that this type of expression pattern is not
restricted to oligodendrocytes. For instance, we found expression
of all brain dystrophins in neurons. In principal neurons, it is
well admitted that Dp427 is expressed in GABAergic inhibitory
synapses (2), while distinct Dp71 isoforms may be expressed in
neuronal soma and glutamatergic excitatory synpases (34,35), or
in axon terminals for the Dp40 variant (7). However, we also found
presence of Dp140 and Dp116 in neurons. This had never been
reported, yet it was recently suggested for Dp140 in studies of
neural stem/progenitor cell differentiation (36). In vivo, Dp140 was
mostly detected during the foetal stage in mice, and at lower
level compared with other brain dystrophins in the adult brain
(37,38), notably in oligodendrocytes (33). Here, we confirm that
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Figure 6. Translation of dystrophin transcripts containing E40e and/or E4le. (A) Diagram depicting the experimental design with epitopes for DYS1
and 5G5 antibodies on the dystrophin proteins Dp427 and Dp260, the positions of the intronic insertions (red star), the expected size of the truncated
dystrophins (shown in blue) and the position of the mutations leading to interruption of translation in mdx23 and mdx52 mice (green double-head
arrows). (B) Expected molecular weight of dystrophin isoforms estimated by in silico analyses. Truncated Dp427 proteins should have a molecular weight
of 220-230 kDa, while truncated Dp260 should have a molecular weight of 66-74 kDa, depending on inclusion of the 3’ UTR of intron 40 or 41, and
depending on occurrence in specific Dp427/Dp260 known Dmd-gene products (Dp427c, Dp427m, Dp427p, Dp260p-2) that differ in size. (C) Comparative
expression of dystrophin isoforms in western blots performed using the DYS1 antibody with whole brain (Br), cerebellar (Cb) and retinal (Ret) extracts
from WT, mdx23 and mdx52 mice, as indicated. (D) Western blots performed using the 5G5 antibody with the same tissue samples. Molecular weight
markers are indicated on the left of the gels, name of dystrophin isoforms on the right. Isoforms with truncated C-terminus are called N-Dp427 and

N-Dp260.

Dp140 is more expressed than Dp427 in this cell lineage. Two
studies reported detection of the Dp140 protein along the walls of
blood vessels (39,40), but here, we found Dp140 in astrocytes, not
endothelial cells, suggesting expression in perivascular astrocyte
endfeet. Our analysis also confirms that Dp71 is the main dys-
trophin expressed in astrocytes, where it is known to have a role in
the clustering of AQP4 and Kir4.1 channels (1,41). Interestingly, its

shortest isoform, Dp40, is also expressed at relatively important
levels in these cells, suggesting that it is not solely expressed in
neuronal domains. Moreover, we also detected mRNA of Dp427c,
Dp427p, Dp140 and Dp116 in astrocytes. Importantly, we provide
the first evidence that Dp71 mRNA is expressed in endothelial
cells, while this cell type was believed to selectively express
utrophin paralogues (42). Important as well, adult microglia do
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not express any dystrophin at detectable levels. In contrast, the
utrophin paralogue was clearly detected in microglial cells.

While previous work already demonstrated that distinct
dystrophin-associated complexes may be found in neurons and
astrocytes (13), our data further suggest that several complexes
may co-exist in a given cell type. Dystrophins and the transmem-
brane dystroglycan represent the core of DAP complexes in most
cells and are complemented by various isoforms of syntrophins,
dystrobrevins and sarcoglycan subunits. This likely reflects that
interchangeable scaffolding components of the complex may link
the core to distinct functional units, i.e. signalling proteins and
ion channels in specific cells and functional cell subdomains.
We confirm that «-SYN and «-DB are components of the DAP
complex in astrocytes, in association with Dp71 and/or Dp40, but
we further uncover that these DAPs are present in other cell types
including neurons, microglia and oligodendrocytes. Interestingly,
y1-SYN was only detected in oligodendrocyte precursor cells,
not in myelinated oligodendrocytes, suggesting that it is only
present during early development of oligodendrocytes, while a1-
SYN was present at all stages. The g-SG subunit was detected at
higherlevel than other sarcoglycans in most brain cells expressing
dystrophins, except for endothelial and microglial cells in which
e-SG showed a relatively important level of expression.

Overall, the observed patterns of expression strongly suggest
that several dystrophin complexes may play distinct roles in a
given cell type. This might reflect expression of distinct dys-
trophins in several subtypes or subpopulations of cells, e.g. in neu-
ronal subtypes with distinct neurotransmitter signatures. Alter-
natively, distinct dystrophins could be expressed in different sub-
cellular domains. As an example, distinct Dp71 isoforms have
been selectively detected in nucleus, postsynaptic or presynaptic
neuronal domains (43).

Finally, distinct dystrophins and associated complexes may be
expressed at different stages of cell maturation (44-46). The tran-
scriptomic brain database used in the present study (16) included
neurons, astrocytes and endothelial cells purified at P7, an age at
which differentiated cells are present and can be purified with
minimal activation and with gene expression profiles close to
mature cells, while P17 was chosen for oligodendrocytes to allow
purification of all associated lineages. In line with a previous study
(33), we show differential expression of several dystrophins in
oligodendrocyte precursor cells, newly formed oligodendrocytes
and myelinated oligodendrocytes.

Differential expression of dystrophins and DAPs
in retinal photoreceptors

This study provides the first transcriptomic-based characteriza-
tion of dystrophins and DAPs expression in immature and mature
retina. We confirm that both Dp260 and Dp427 are expressed in
photoreceptors, with Dp260 being more expressed than Dp427
in mature rods (P28). Surprisingly, the full-length form detected
in the whole retina and purified photoreceptors is the Purkinje
form, Dp427p. This further supports that the P promoter can be
regulated in various tissues (47) and may display a broader and
more complex range of expression than initially reported. Alike in
brain, we also found detectable amounts of Dp116, selectively in
mature flow-sorted cone photoreceptors of the retina. Our data
show that photoreceptors contain mRNAs from all dystrophins,
but their expression appears to be regulated during cell matura-
tion, Dp40 being relatively more expressed in mature cones and
Dp260 in mature rods. Dp71 is known to be mainly expressed in
Miller glial cells and astrocytes (23,48), but our data comparing
WT and cone-only purified photoreceptors indicate it may also be
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expressed in immature cones at P2. Moreover, we found that Dp40,
a synaptic N-terminal isoform of Dp71, is the main dystrophin
transcript found in mature cones.

The major differences between immature (P2) and mature
(P28) photoreceptor cells suggest an orchestrated involvement
of multiple dystrophins during photoreceptor formation, with
specific dystrophins predominating in mature cones (Dp40) and
rods (Dp260). Analysis of DAPs expression revealed that a1/y2-
SYNs and B-DB are the main isoforms in mature photoreceptors.
Regarding sarcoglycans, the g and e subunits are clearly expressed
in flow-sorted photoreceptors from cone-only retina. However,
there is no overt difference in their expression levels compared
in flow-sorted cone/rod cells (WT) and cone-only cells (NRL),
suggesting they are absent or expressed at very low levels in rods.
It is noteworthy that «-SG, §-SG and y-SG are not detected in
photoreceptors, suggesting that some of them may be expressed
in other cell types of the retina, as suggested by others (23,49).

Skipping of Dmd-gene exons in CNS

We report the relative expression of exon-junction reads reflect-
ing exon skipping, which was a common form of splicing event
in our CNS databases, as previously shown for human muscle
(20). Skipping of the penultimate exon 78 (AE78), then of exon 71
(AE71), is the most frequent alternative splicing events detected
in all cell samples, suggesting a ubiquitous role in cell function.
Skipping of exon 78 has been described as a main splicing-out
event affecting Dp71 (11,24), but it may also affect other dys-
trophins (10,12,28,50). We show that all cell types contain both
+E78 and AE78, indicating that E78 skipping is not selective of a
given one. Inclusion of E78 (+E78) is more frequent than AE78,
but we cannot rule out that AE78 selectively affects distinct
dystrophins. We have previously shown that the adult retina
mainly express Dp71 with AE78 (24). In the present analyses, we
however show that AE78 predominates in immature retina (P2),
not in mature retina (P28). This suggests that AE78 mainly affects
Dp71, while the majority of other dystrophins expressed in retina
may preferentially include E78. The data also indicate that AE78
is developmentally regulated. This is in agreement with previous
studies reporting that AE78 occurs in early embryonic tissues (9),
while inclusion of E78 would rather be required to maintain cell
membrane integrity in adult tissues (27,50).

Theimpact of AE71, AE74 and more strickingly of AE71-74 may
also be critical for cell function and integrity, as these splicing-out
events are expected to suppress the syntrophin-binding site and
affect interaction with dystrobrevin (51). We also detected AE69
in neurons, which is expected to alter the C-terminal domain (52).

We suggest that the skipping of these specific exons at the 3’
end of the gene likely supports their appropriate expression in
specific cellular environments, at distinct stages of development
and/or during activity-dependent processes, to remodel protein—
protein interaction networks, at least with components of the
dystrophin-glycoprotein complexes.

New alternative splicing events and truncated
dystrophins in CNS

In line with the large intron coverage of the DMD gene, we have
identified a range of exon-skipping events associated with usage
of alternative splice sites, leading to the inclusion of intronic
sequences such as cryptic exons or pseudoexons into the pro-
cessed mRNA, some of which encoding premature stop codons
(see (53,54) for related reviews). Importantly, two main identified
events, E51b and AE40e, were predicted by in silico analyses to
have cryptic consensus sequences corresponding to alternative
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acceptor and donor splice sites with scores close to WT splicing
sites.

We first characterized a new exon, E51b, as a cluster of reads
between ES51 and E52 (within the annotated intron 51), selec-
tively included in mature dystrophin transcripts in retina, not in
brain. E51b expression was found in all retinal samples from WT
mice, which excludes any relation with pathogenesis conditions
(19). According to our RT-PCR assays, E51b-containing transcripts
appears to be expressed at much higher levels than the WT
mRNAs (without E51b), and the 36 bp of E51b is in frame within
Dp427, Dp260 and Dp140 mRNAs, adding 12 amino acids between
E51and E52. E51b thus shows a strong exon-like expression profile
and we suggest classifying it as a canonical exon in the retina,
rather than a pseudoexon or cryptic exon. A recent RNA-Seq study
reports the in-frame inclusion of a pseudoexon located in intron
51 in muscle biopsies of healthy human subjects (20). However,
this pseudoexon, located from 21435 to 21518 bp within intron
51 in human muscle, does not show any overlap with the retina-
specific E51b exon described in the present study, which is located
closer to E52 (from 40 862 to 40 897 bp within I51 in human retina)
and has overt connections with E51 and E52.

E51b expression is higher in immature photoreceptors (at P2)
from WT retina compared with cone-only retina from NRL™~
mice, suggesting a major expression in immature rod photore-
ceptors. In contrast, ES1b expression is relatively comparable
in mature cones and rods at P28, indicating that expression
ES1b-containing transcripts is likely regulated during photore-
ceptor development. A putative translation of E51b-containing
transcripts could not be addressed experimentally due to the very
small size of this insertion. Therefore, its role in cell function
and/or development remains to be determined. If some dys-
trophin proteins do include the E51b insertion, this would likely
alter their secondary structure and function, as well as a spectrin-
like repeat involved in the binding to microtubules (55).

Importantly, we also found long contiguous series of reads
spanning E40 and 140, and/or E41 and 141. We demonstrate that
these intronic insertions in both Dp427 and Dp260 mRNAs pro-
duce dystrophin proteins with truncated C-terminus. We initially
detected these splicing-out events in mouse and human reti-
nal samples in our RNA-Seq analyses. However, RT-PCR assays
revealed that they are also expressed at lower levels in brain, i.e.
in cortex and cerebellum for E40e, and in cortex, cerebellum and
hippocampus for E41e. The detection of several amplicons in our
PCR experiments suggests that E40e and E41e also occur in com-
bination with additional alternative splicing events, highlighting
a complex regulation of these intronic insertions.

We further demonstrate that these alternative transcripts
are translated into proteins. This is an important finding, as
previous studies suggested that most of the intronic insertions
with premature stop codons may generate non-coding mRNAs,
eventually part of a posttranscriptional switch system controlling
gene expression, or aberrant splicing products degraded by
nonsense-mediated mRNA decay (18,56,57). Here, we show that
these splicing-out events induce translation of at least two
main N-terminal dystrophins, i.e. truncated of their C-terminus,
which may correspond either to Dp427 or Dp260, and that
we called N-Dp427 and N-Dp260. A previous study reported a
tissue-specific insertion of the complete intron 40 between E40
and E41 in DMD transcripts, at high level in kidney (36%) and
very low levels in brain (<5%) and other tissues (29). Full or
partial insertion of 140 combined with E78 skipping was also
reported in CRL-2061 rhabdomyosarcoma cells (30), and partial

insertion of 140 was found in the Dp427/b transcript in the SH-
SY5Y neuronal cell line (28). A recent study also identified
alternative polyadenylation of 141 in the Dp427m transcript in
a human-derived cell line, responsible for the generation of an N-
terminal dystrophin of about 230-235 kDa, selectively expressed
in cardiomyocytes derived from induced pluripotent stem cells
(31). This likely does not correspond to the E4le-containing
transcripts that we found in both CNS and muscle tissues,
because this polyadenylation site (AATAAA) in 141 (position 406-
411 bp of 141) is not present in mouse 141, but it is present in
rat 141 (Supplementary Material, Fig. S6A). Notably, however, we
manually found several AATAAA sequences from 2383 to 6212 bp
of 141 (Supplementary Material, Fig. S6B), associated with many
reads, which may function as polyadenylation sites. We show
that Dp427c, Dp427p and Dp260 transcripts may include E40e
or E4le, or parts of both intronic insertions. We demonstrate
expression of N-Dp427 and N-Dp260 at the protein level in the
mouse retina, and that of N-Dp427 in forebrain and cerebellum.
The doublets of bands revealed in our immunoblots with the
antibody directed against Dp427 suggest that both E40e and E41le-
containing mRNAs induce expression of two distinct isoforms of
N-Dp427 proteins in retina and brain. For Dp260, a large single
band was detected, suggesting that only one type of transcript
was translated.

Putative roles for the N-Dp427 and N-Dp260 proteins are
unclear, since they lack the main cysteine-rich and C-terminal
domains required to form DAP complexes. However, N-Dp427
and N-Dp260 still comprise actin-binding sites and spectrin-
like repeats that have been shown, at least in muscle cells, to
enable non-canonical binding to the cell membrane (55,58). This
is further supported by two studies reporting DMD/BMD patients
whose specific mutations generate N-terminal dystrophins with
preserved ability to bind the muscle cell membrane (59,60).
Moreover, our data indicate a higher expression at P2 compared
with P28 in retina, suggesting that their involvement in cell
functionis developmentally regulated. This bundle of information
suggests that, structurally, N-Dp427 and N-Dp260 may therefore
have a function in brain and retinal cells.

In conclusion, we provide a first RNA-Seqg-based reference
showing tissue- and cell-specific differential expression of
dystrophins, splice variants and DAPs in mouse brain and retina.
The new identified splicing events may affect several dystrophin
transcripts, and those including stop codons are translated
into proteins lacking their C-terminus, which we called N-
Dp427 and N-Dp260. Identification of alternative splicing events
in the DMD gene is likely relevant to improve diagnosis and
identify pathogenic variants and modifiers of disease severity in
dystrophinopathies (18,19,61,62). It is worth to note that the loss
of the new dystrophins identified here, N-Dp427 and N-Dp260,
may contribute to the phenotypes displayed by patients and
DMD mouse models. This may also be particularly relevant for
the currently developed splice-switching therapeutic strategies,
which are also developed to target brain and retina, but may
face-specific challenges due to the specificities of Dmd-gene
post-transcriptional regulations in the CNS. Finally, few BMD
patients may have in-frame mutations around exons 40/41
that would abrogate the insertion of the intronic sequences
responsible for the expression of these N-terminal dystrophins
in CNS, without affecting the C-terminal domains of the other
dystrophins (63). These patients have abnormal retinal physiology
(64) and may also display other central comorbidities (65). Our
study thus provides an important new piece of knowledge to
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better understand the basic splicing mechanisms of the DMD gene
and the complex etiology of central comorbidities associated with
DMD/BMD.

Materials and Methods
Animals and tissue processing

C57BL/6JRj adult (3 months old) male mice were produced
in our transgenic mouse facility at Université Paris-Saclay in
Orsay (France) and at CINVESTAV (Mexico). Age-matched Dp427-
deficient C57BL/10ScSn-Dmd™®/] (mdx) and exon52-deleted
mdx52 mouse models of DMD were produced at Université Paris-
Saclay in Orsay (France). The mdx mice were originally purchased
from Charles River Laboratories (Saint-Germain sur 1'Arbresle).
The mdx52 mouse model was originally developed by the group of
Dr M. Katsuki (Neurological Institute, Kyushu University, Fukuoka,
812, Japan) (66); mdx52 breeders were generously provided by
Dr Jun Tanihata and Dr Shin’ichi Takeda (National Center of
Neurology and Psychiatry, Tokyo, Japan). For validation assays,
after mouse euthanasia, the eyes were rapidly enucleated to
dissect retina, the brain removed from skull to dissect out
hippocampus and cerebellum and the skeletal muscle was
dissected out for control experiments. Tissue samples were
immediately frozen and processed for western blot and/or RT-
PCR.

Experiments in Mexico adhered to the ARVO Statement for
the Use of Animals in Ophthalmic and Vision Research and were
conducted following the federal and local regulations approved by
CINVESTAV-UPEAL and Mexican Official Norm (NOM-062-ZOO-
1999). Experiments in France adhered to the guidelines of the local
mouse facility in France (agreement D91-471-104) in compliance
with European Directive 2010/63/EU and French National Com-
mittee (87/848).

RNA-Seq libraries

For meta-analysis purposes, we re-analysed the previously pub-
lished whole transcriptome data from P17 mouse cerebral cortices
and from main brain cells purified from the mouse cerebral cortex
(16) (GEO accession # GSE52564). We also included hippocam-
pus and cerebellum of 4-month-old male C57BL/6 mice from
our RNA-Seq library generated by the I2BC-CNRS platform for
high-throughput sequencing (Gif-sur-Yvette, France). In this latter
library, RNA was extracted using Nucleospin RNA Plus kit, which
includes DNase I treatment (Macherey-Nagel, Diiren, Germany).
RNA quality and quantity were evaluated using a BioAnalyzer
2100 with RNA 6000 Nano Kit (Agilent Technologies, Santa Clara,
CA, USA). The library was constructed from polyadenylated frac-
tion of high-quality RNA of biological triplicates (HiSeq 2500
system Illumina; NextSeq High Output 43 paired-end sequencing
cycles).

For mouse retinal expression analysis, we first used our pub-
lished transcriptomic data (17) (GEO accession # GSE94534) from
P30 C57BL6 WT and rd10 mouse retina to estimate distribution
of dystrophins’ mRNAs in healthy and degenerative retina dis-
playing photoreceptor degeneration, respectively. Finally, we com-
pleted our analysis using rod and cone flow-sorted photoreceptor
cell transcriptomes from Nrlp-GFP (WT) and from cone-only retina
(N71~/=; Nrlp-GFP mice), respectively. These data were generated
from postnatal day 2 (P2) and 28 (P28) retina (15) (GEO accession #
GSE74660). For analysis of expression in human whole retina, we
used a published transcriptomic database ((67); GEO accession #
GSE115828).
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Analyses of RNA-Seq libraries

Pass-filtered reads from all datasets were mapped using HISAT2
and aligned to mouse reference genome GRCm38.84. Count tables
for both genes and exon were obtained using FeatureCounts
(68). Normalization and expression analysis were computed
using EdgeR (69). To detail the pattern of expression of all
dystrophins in these samples (Fig. 1A), we took advantage that
several of them have a specific first exon (https://www.dmd.nl/
isoforms.html#proms). Because the first exons of dystrophins
were mostly reported for human, it was necessary to define
them for the mouse. For Dp427 mRNA, no signal for exon 1 was
found in mouse genome mm10 (GRCm38.94). However, there were
reads in three different positions corresponding to 5 UTRs of
the three Dp427 transcripts that use alternative promoters in
brain (Dp427c), muscle (Dp427m) and Purkinje cells (Dp427p). To
determine the expression level of the mouse Dp260 first exon,
which corresponds to the Dp260-2 isoform in human, the exon
had to be annotated in the mouse genome (mm?10). Dp140 was
identified by its specific 5 UTR in intron 44, Dp116 by its specific
exon in intron 55 and Dp71 by its specific first exon in intron 62.
Dp40 ends with a specific 3’ UTR that we have used to identify
this important dystrophin (Fig. 1B).

To detect splicing events and new features in the Dmd gene,
BAM files were uploaded in the Integrative Genomics Viewer (IGV)
software and the whole gene was screened manually from 5 to
3" end. Transcripts with spliced-out annotated Dmd exons were
identified by the presence of specific splice junctions. We also
analysed splicing-out events that did not involve annotated exons
solely. We considered as a new feature a pile of reads in the
intronic region of the Dmd gene that did not match the 79 known
annotated exons. Sashimi plots from IGV were also generated for
analysis purposes. We then generated a new gtf files from our
curated analysis including all known and new features, as well as
promoter positions corresponding to specific first exon for each
dystrophin isoform and re-run the counting of the reads in each
sample and quantified the expression of each feature (annotated
and new). Expression level estimation of each exon and genes (for
DGC expression analysis) was reported as fragments per kilobase
of transcript sequence per million mapped fragments (FPKM).
Heatmaps were generated using gplots, ggplot?2 and apcluster
packages from R based on the mean of each group.

RT-PCR and sequencing assays

Total RNA was extracted with TRIzol reagent (Invitrogen) and
treated with DNAse I according to manufacturer’s protocol. Two
micrograms of total RNA was used to synthesize cDNA using
random primers, or E51bR in some experiments, a reverse primer
specific of the unannotated exon that we identified within intron
51 and called E51b, and the reverse transcriptase SuperScript III
First-Strand Synthesis Kit (Invitrogen). The E51bR primer was used
to amplify E51b-Dp427, E51b-Dp260 and E51b-Dp140. Canonical
sequences and new elements (in-frame putative new exon and 3’
UTRs) of dystrophin mRNAs were validated by PCR with 3-5 uL
of cDNA, using Fermentas Tag DNA Polymerase (Thermo Fisher
Scientific) for short PCR products (up to 1500 bp) and Phusion
High-Fidelity DNA Polymerase (New England Biolabs) for long PCR
products.

The primers used to validate the presence of new features in
dystrophin RNA (unannotated exon E51b and putative 3’ UTRs in
introns 40 and 41 that we called E40e and E41le) are detailed in
Supplementary Material, Table S1 and in corresponding diagrams
in figures. To determine which dystrophin mRNAs contained new
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features, we used primers corresponding to exon 29 of Dp427
(E29F), or first specific exons of Dp260 (129F) and Dp140 (144F).
PCR was carried out according to each Taq DNA Polymerase
manufacturer’s protocol and considering the size of the expected
PCR products. For the following primer pairs, ESOF-E53R, ES1bF-
ES3R, E39F-E42R, E39F-E40eR and ActF-ActR, the PCR reactions
were carried out at 95°C for 30 s, 60°C for 30 s and 72°C for 30 s,
during 35 cycles. To amplify Dp427, Dp260 and Dp140 mRNAs,
their specific forward primers were mixed with reverse primers
ES1bR, E40eR and E41eR (Supplementary Material, Table S1) and
PCR reactions were performed at 98°C for 30 s, 63-65°C for 30 s
and 72°C for 2-3 min during 35 cycles. PCR products were elec-
trophoresed in 1.5% agarose gel pre-stained with ethidium bro-
mide. PCR products were gel-purified and sequenced with the Dye
DeoxyTerminator Cycle Sequence Kit (Applied Biosystems, Foster
City, CA, USA). To sequence E51b, the PCR product obtained with
the ES0F and E53R primers was gel-purified and ligated in the
PGEM-T easy vector which was used to transform E. coli DH5a.
Resistant colonies were selected with LB/Amp solid medium. A
candidate for each sequence was selected and sequenced.

Western blotting

Total protein extracts were treated with a RIPA-5% sodium dode-
cyl sulfate (SDS) extraction and lysis buffer containing protease
inhibitors (Roche, Inc., Indianapolis, IN, USA). Protein concentra-
tion was calculated using the DC™ Protein Assay kit (Bio-Rad,
France). Protein extracts (10 pg for retina and 50 pug for brain
samples) were resolved in 5% sodium dodecyl sulfate polyacry-
lamide gel electrophoresis, electrotransferred to 5% polyvinyli-
dene fluoride membranes and incubated 1 h at room temperature
(RT) with 4% milk blocking buffer, then overnight at 4°C with the
monoclonal DYS1 and 5G5 primary antibodies (1/50). The com-
mercial DYS1 antibody (NCL-DYS1; Leica Microsystem, France) is
directed against the human R8 repeat of the central rod domain
of dystrophin (between amino acids 1181 and 1388) and reacts
with Dp427. The 5G5 antibody (D Mornet, Montpellier, France) was
generated using a recombinant protein corresponding to mouse
amino acids 1173-1728 of the central rod domain and reacts with
brain and retinal Dp427 as well as with retinal Dp260 (14). This was
followed by incubation with a goat anti-Mouse IgG-horseradish
peroxidase secondary antibody (1:10000; A4416, Sigma-Aldrich)
for 1 h at RT. Immunoreactive products were revealed by a chemi-
luminescent reaction using the SuperSignal West Femto sub-
strate (Thermo Fisher Scientific, France). All protein extracts were
obtained by three independent experiments. Tubulin was used as
loading control.

Supplementary Material

Supplementary Material is available at HMG online.
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