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RNA-seq in DMD urinary stem cells recognized muscle-related
transcription signatures and addressed the identification
of atypical mutations by whole-genome sequencing
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Summary

Urinary stem cells (USCs) are a non-invasive, simple, and affordable cell source to study human diseases. Here we show that USCs are a
versatile tool for studying Duchenne muscular dystrophy (DMD), since they are able to address RNA signatures and atypical mutation
identification. Gene expression profiling of DMD individuals’ USCs revealed a profound deregulation of inflammation, muscle develop-
ment, and metabolic pathways that mirrors the known transcriptional landscape of DMD muscle and worsens following USCs’
myogenic transformation. This pathogenic transcription signature was reverted by an exon-skipping corrective approach, suggesting
the utility of USCs in monitoring DMD antisense therapy. The full DMD transcript profile performed in USCs from three undiagnosed
DMD individuals addressed three splicing abnormalities, which were decrypted and confirmed as pathogenic variations by whole-
genome sequencing (WGS). This combined genomic approach allowed the identification of three atypical and complex DMD mutations
due to a deep intronic variation and two large inversions, respectively. All three mutations affect DMD gene splicing and cause a lack of
dystrophin protein production, and one of these also generates unique fusion genes and transcripts. Further characterization of USCs
using a novel cell-sorting technology (Celector) highlighted cell-type variability and the representation of cell-specific DMD isoforms.
Our comprehensive approach to USCs unraveled RNA, DNA, and cell-specific features and demonstrated that USCs are a robust tool
for studying and diagnosing DMD.

Introduction

Stem cells have been intensively investigated due to their
relevance as a cell source for in vitro modeling, drug
screening, and regenerative medicine in human dis-
eases.' The most studied stem cells are both embryonic
stem cells (ESCs) and induced pluripotent stem cells
(iPSCs). However, major issues, such as low reprogram-
ming and differentiation efficiency, long and expensive
procedures, tumorigenicity, and, not lastly, ethical as-
pects, have limited their usage in a broad range of appli-
cations. In addition, when studying human diseases,
cells from affected individuals would be greatly preferred
over manipulated cell models (e.g., generated by gene ed-
iting or transfection methods), since diseased cells better
recapitulate the etio-pathogenic disease background.
Nevertheless, studies on either cells or tissues from
affected individuals often require invasive biopsies,
invariably painful and sometimes unachievable (brain bi-
opsies), with very poor patient compliance and with
intrinsic ethical concerns." This also applies to rare

genetic diseases (RDs) where, with a few exceptions like
in muscle or skin diseases,”* biopsies are rarely an inte-
gral part of diagnostic protocols or available for research
purposes.

Urine-derived stem cells (USCs) have shown to be a very
promising source of mesenchymal stem cells.* The isola-
tion of USCs from urine is non-invasive, relatively fast,
simple, affordable, and readily accepted by patients.’
Moreover, no major ethical issues are applied to urine
collection and USC isolation.® Some recent studies report
the use of USCs for tissue engineering,” gene therapy,®
and as in vitro models for studying several genetic dis-
eases,' including Duchenne muscular dystrophy (DMD).’

DMD represents one of the most common inherited
neuromuscular disorders caused by a variety of mutations
in the dystrophin (DMD) gene.'® We have already demon-
strated that USCs derived from a DMD individual recapitu-
late the dystrophin genotype/phenotype in terms of DNA,
RNA, and protein profiles of the DMD gene. Moreover,
treatment with antisense oligoribonucleotide (AON) in
both native and MyoD-transformed DMD USCs induced
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a corrective transcript-reframing effect leading to restora-
tion of the dystrophin protein (DYS).”

Here, we report detailed studies on the USC transcrip-
tional landscape, also aiming at atypical mutation identifi-
cation, AON-mediated exon-skipping effects, and charac-
terization of cell subpopulations.

Using RNA sequencing (RNA-seq) in DMD and in con-
trol native and myogenic USCs, we identified several de-
regulated gene circuits, which became more pronounced
following myogenic transformation, therefore mirroring
circuits already described in DMD muscle, as inflamma-
tion, development, and muscle contraction.'! AON-medi-
ated skipping reverted deregulated transcriptomic circuits
to normal, suggesting that USCs can be a valuable model
for AON in vitro studies and possibly AON therapy moni-
toring. Full transcript analysis in USCs from three DMD
undiagnosed individuals addressed RNA abnormalities in
all of them. A very deep intronic variation causing different
pseudoexons-including transcripts and two large genomic
inversions, one of which causing a DMD transcription
mimicry and a fusion mRNA, were identified by whole-
genome sequencing (WGS).

Finally, as suggested by gene expression in silico decon-
volution, after using Celector (Stem Sel), we confirmed
the presence of three cell subpopulations that display
DMD-specific features, such as surface markers and DMD-
specific isoform expression.

Our results demonstrate that USCs are a robust and ver-
satile cell model in studying DMD by profiling its RNA
signature and deciphering atypical genome shapes, sup-
porting their utility in diagnostic, therapeutic, and
research applications.

Materials and methods

Individuals enrolled in the study

Table 1 summarizes the information related to each enrolled sub-
ject, including the type of study. Informed consent was obtained
from all the individuals, both the control individuals and the
DMD individuals (UNIFE Ethical Committee approval, no.
161299 [20/05/2020] and no. 66/2020 [23/01/2020]).

USCs from the control individuals (1-6) were isolated as control
cell lines. USCs from DMD individuals with known mutations and
a confirmed genetic diagnosis (three DMD samples: IG, IH, and AF,
carrying the deletion of exons 45, 50-52, and 46-47, respectively)
were used for RNA-seq or Celector analysis (Table 1).

Three other individuals with the DMD phenotype but without
identified disease-causing mutations following Multiplex liga-
tion-dependent probe amplificationv (MLPA) and DMD gene
sequencing'” (DMD PF, DMD DI, and DMD SE; Table 1) were stud-
ied by FluiDMD and/or WGS.

PF is a 17-year-old boy who was born in 2003 from non-consan-
guineous healthy parents after an uneventful pregnancy. Serum cre-
atine kinase (CK) dosing in the mother was normal. The patient had a
normal psychomotor development with independent walking at
14 months. At 3 years of age, occasional hyperCKemia was noted
with values of 5,000-7,000 U/L. A muscle biopsy was performed in
2011 for western blot (WB) and immunochemistry analysis. At

16 years old, a neurological examination showed Gower’s sign,
waddling gait not possible on heels, and lower limb muscle hypotro-
phy with reduced tibiotarsal (TT) extension. The 6-min walk test
(6MWT) was 435 m, North Star Ambulatory assessment (NSAA)
was 24/34, height was 156 cm, and body mass index (BMI) was
18.7. There were neither respiratory nor cardiac complications
(50% ejection fraction) nor major cognitive defects. The patient is
still ambulant and has been on steroid therapy since 5 years of age.

DI is a 36-year-old man who was born in 1984. Serum CK dosing
in the mother was normal. His developmental milestones were
within normal range. At 3 years of age, he was seen by a neurologist
because of frequent falls. Serum CK levels were 10 times normal
values. A muscle biopsy was performed for immunochemistry anal-
ysis. He was started on prednisone 0.75 mg/kg at age 6 years. He lost
ambulation at 14 years of age and steroids were stopped. He was
started on non-invasive ventilation (NIV) at age 14 years, initially
only at night. He was started on beta blockers at age 9 years. There
is no cognitive impairment, and the patient shows a high educa-
tional profile, with two university diplomas, and currently works
as a computer engineer. On the last neurological examination,
the patient is wheelchair-bound and uses NIV for 15 h/day. His car-
diac function is within normal range (60% ejection fraction).

SE is an 11-year-old boy who was born in 2009 from non-
consanguineous parents after an uneventful pregnancy. Parents
were healthy, but the mother was later proven to be an asymptom-
atic carrier by muscle biopsy and demonstration of a mosaic
pattern with dystrophin immunohistochemistry. Serum CK
dosing of the mother was 401 U/L (normal value < 145). The pa-
tient had a normal psychomotor development in the first year but
only walked independently at 18 months. His linguistic develop-
ment was normal. At the age of 21 months, he presented a ten-
dency to walk on tiptoes and appeared to complain of calf pain.
Serum CK was 34,969 U/L. A muscle biopsy was performed for
WB and immunochemistry analysis. He was started on deflazacort
0.9 mg/kg/day at the age of 4 years, followed by a rehabilitation
protocol with regular physical therapy and use of ankle/foot or-
thoses. He presented progressive muscle weakness with loss of
the ability to rise from the floor autonomously and climb stairs
at 9 years old. The patient was 10 years old at the time of this study
and still able to walk with a marked waddling gait. There were
neither respiratory nor cardiac complications nor major cognitive
defects. However, anxiety is present, with a tendency for recurrent,
repetitive thoughts and occasional impulsiveness and fits of anger.

Previous MLPA, comparative genomic hybridization (CGH), and
sequencing studies failed to identify any pathogenic variants in PF,
D], and SE. Muscle biopsies of these three individuals were utilized
for the diagnostic procedures described above without any muscle
left for RNA studies, except for a minimum amount from patient
SE. We therefore collected urine from these three patients to
obtain USCs for RNA studies.

Dystrophin protein analysis

DYS protein was assessed by western blot and densitometry
analysis.

Western blot

Fifteen- to 20-um sections of muscle samples from DMD and
normal muscles were solubilized in 100 pL of lysis buffer
(50 mM Tris [pH 7.5], 150 mM NaCl, 10 mM MgCl,, 1 mM
EDTA, 10% glycerol). Protein concentration was estimated using
BCA Protein Assay Reagent (Thermo Scientific, Portsmouth, NH,
USA). 40 pg of protein were loaded into each well of 3% to 8%
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Table 1.

DMD individuals and control individuals (C) enrolled for isolation of USCs

Sample Disease Mutation Gender Urine processing USC application
DMD IG DMD del ex 45 M within 4 h RNA sequencing
DMD PF DMD unknown M 24 h after collection mutation discovery
DMD DI DMD unknown M within 4 h mutation discovery
DMD SE DMD unknown M within 4 h mutation discovery
DMD IH DMD del ex 50-52 M within 4 h Celector separation
DMD AF DMD del ex 46-47 M within 4 h Celector separation
C-1 healthy control - M within 4 h RNA sequencing
C-2 healthy control - M within 4 h RNA sequencing
C-3 healthy control - M within 4 h RNA sequencing
C-4 healthy control - M within 4 h Celector separation
C-5 healthy control - M within 4 h Celector separation
C-6 healthy control - M within 4 h Celector separation

The table reports the time of isolation following urine collection (fresh urine: within 4 h; preserved urine: 24 h) and the type of analysis performed on each sample.

gradient acrylamide gel (NuPAGE Novex Bis-Tris Mini Gels; Invi-
trogen, Carlsbad, CA, USA) and processed using the following
antibodies: anti-Dys rod domain (NCL-DYS1, Novocastra) and
anti-carboxyl terminus domain (NCL-DYS2, Novocastra). A sec-
ondary antibody was horseradish peroxidase (HRP)-conjugated
bovine anti-mouse IgG. The blots were developed using chemilu-
minescence (ECL System, Amersham) using ImageQuant LAS (GE
Healthcare Bio-Sciences). The amount of Dys for each individual
was quantitated using ImageJ. To control for muscle protein con-
tent in each lane, the actin B signal (47 kDa) was also scanned,
and the Dys content was adjusted to actin B. Each patient sample
was subjected to electrophoresis adjacent to normal control lanes,
and quantitation was done relative to control.
Immunohistochemistry

Eight-micrometer-thick sections were obtained from each muscle
biopsy. Cryostat sections were mounted onto Superfrost Plus slides
(Thermo Scientific, Portsmouth, NH, USA), hydrated in phos-
phate-buffered saline (PBS), and incubated with anti-Dys rod
domain (NCL-DYS1, Novocastra) (1:100), anti-carboxyl terminus
domain (NCL-DYS2, Novocastra) (1:100), and anti-amino termi-
nal domain (NCL-DYS3, Novocastra) (1:100), diluted in PBS. After
a triple-wash in PBS, specific labeling was developed by immuno-
fluorescence using anti-mouse Cy-3 conjugated immunoglobulin
(1:100) (Caltag, Burlingame, CA, USA). Sections were mounted
with anti-fading medium and examined with a video-confocal mi-
croscope (ViCo, Nikon Instruments, Melville, NY, USA) or a Nikon
Eclipse 80i fluorescence microscope.

Isolation of human USCs
Urine samples were obtained from all individuals listed in Table 1,
and USCs were derived and cultured as described by Falzarano
et al.” Briefly, two urine specimens (first morning urine and a sec-
ond urine sample) were obtained from each subject and processed
within 4 h from the collection, except for urine from DMD indi-
vidual PF, which was collected and preserved in primary medium
for 24 h before the processing.

The urine specimens were centrifuged at 400 x g for 10 min at
room temperature and washed with PBS (Gibco PBS; Thermo
Fisher Scientific, Waltham, MA, USA) supplemented with an anti-

biotic/antimycotic solution (Sigma-Aldrich, St. Louis, MO, USA).
After discarding the supernatant, 1 mL of primary medium was
added, and each sample was plated into a coated plate with
0.1% gelatin (Millipore, Billerica, MA, USA). Every 24 h, 1 mL of
primary medium was added to each well. The primary medium
was removed 96 h after plating, and 1 mL of proliferation medium
was added to 1 mL of primary culture medium in each well.

All the analyses described in this work were performed using pri-
mary USCs, not derived from one single clone. Cultures were on
primary medium Dulbecco’s modified Eagle’s medium (DMEM)/
high-glucose (EuroClone, Pero, Italy) and GIBCO Ham’s F12
nutrient mix (1:1; Thermo Fisher Scientific), supplemented with
10% (v/v) fetal bovine serum (FBS), antibiotic/antimycotic solu-
tion (Sigma-Aldrich), and an REGM (renal epithelial cell growth
medium) SingleQuot kit (Lonza, Basel, Switzerland).

Proliferation medium was REGM BulletKit + RE cell basal me-
dium (Lonza), and mesenchymal proliferation medium (DMEM/
high glucose, 10% [v/v] FBS, 1% [v/v] Gibco GlutaMAX, 1%
[v/v] nonessential amino acids [Gibco NEAA], 1% antibiotic/anti-
mycotic solution, basic fibroblast growth factor [bFGF, 5 ng/mL;
ProSpec, Rehovot, Israel], platelet-derived growth factor [PDGF-
AB, 5 ng/mL; ProSpec], epidermal growth factor [EGE 5 ng/mL;
Lonza]) was used and mixed at a 1:1 ratio.

Myogenic transformation using MyoD and antisense
oligonucleotide cell treatment

We induced myogenesis on USCs obtained from DMD individual
IG and control individuals through an infection with adenovirus
serotype 5 (Ad5)-derived, EAl-deleted adenoviral vector carrying
the MyoD gene, as previously described.'® MyoD-transformed
USCs were differentiated into myotubes by serum deprivation.
Myotubes obtained from the MyoD-transformed USCs of DMD in-
dividual IG were transfected using 2'O-methyl phosphorothioate
(2’0OMePS) AON to induce DMD exon 44 skipping (IDT Technolo-
gies, Coralville, IA, USA) as previously described.’

Transcriptional profiling of USCs by RNA-seq analysis
We analyzed the gene expression levels of (1) native USCs derived
from a pool of 3 healthy donors (C-n) and from DMD individual
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Table 2. Design of RNA-seq data comparison among USC samples

Sample abbreviation Sample description

C-n RNA pool from native USCs of control 1-3

1G-n RNA from native USCs of DMD IG

C-m RNA pool from MyoD-induced USCs of
control 1-3

1G-m RNA from MyoD-induced USCs of DMD IG

1G-m 44 RNA from DMD IG-m transfected with AON44

The table lists the abbreviations used in the text for each sample (column 1)
and shows the description of sample composition (column 2).

IG (IG-n), (2) MyoD-transformed USCs from control individuals
(C-m) and from DMD individual IG (IG-m), and (3) MyoD-trans-
formed USCs from DMD individual IG transfected with AON
to skip the exon 44 and reframe the DMD transcript (IG-m 44)
(Table 2).

Total RNA was isolated from native and MyoD-transformed USCs
of DMD individual IG and healthy control individuals and from
MyoD-transformed USCs of DMD individual IG transfected with
AON 44 using the RNeasy-kit (QIAGEN, Chatsworth, CA, USA) ac-
cording to the manufacturer’s instructions. Libraries were prepared
using TruSeq Kit (Illumina) according to the manufacturer’s instruc-
tions. The quality and quantity of the RNA library was assessed
using the Agilent 2100 Bioanalyzer and the ABI StepOnePlus Real-
Time-PCR System. RNA-seq was carried out with the Illumina
HiSeq4000 at the Beijing Genomics Institute (BGI, Beijing). Read
quality was verified using fastQC (v.0.11.3). Raw reads were
trimmed for adapters and for length at 100 bp with Trimmomatic,
resulting in about 22 M (range, 14.8-31.7 M) trimmed reads per
sample (Table S1). Reads were subsequently aligned to the human
reference genome (GRCh38) using STAR (v.2.5.3a'"). Raw gene
counts were obtained in R-3.4.4 using the featureCounts function
of the Rsubread R package (v.1.30.3"°) and the Gencode gene anno-
tation. Raw counts were normalized to counts per million mapped
reads (cpm) using the edgeR package;'® only genes with a cpm
greater than 1 in at least 1 sample were further retained for differen-
tial analysis, for a total of 20,716 genes. Differential gene expression
analysis was performed using the exactTest function of the edgeR
package.'® Genes were considered significantly differentially ex-
pressed at false discovery rate (FDR) < 0.05. Functional enrichment
analysis was performed using the Gene Set Enrichment Analysis
(GSEA, v.4.0.3) software and gene sets derived from Hallmark, Reac-
tome, KEGG (Kyoto Encyclopedia of Genes and Genomes), and GO
(Gene Ontology) collections of the Molecular Signature Database
(MsigDB, v.7.1). The GSEA algorithm was applied using the signal2-
noise metric and the weighted statistics: gene sets were considered
significantly enriched at FDR < 0.05 when using 1,000 permuta-
tions of the gene sets.

Deconvolution analysis was performed using the web version of
xCell,"” and tissues were considered significantly enriched at
p value < 0.05.

Identification and separation of USC subpopulations by
Celector technology

Celector analysis was performed on the total native USC popula-
tion isolated from both control individuals and DMD subjects
following the same procedures as described in the paragraph “Isola-
tion of human USCs.” USC cultures at low passage (i.e., p1-p2)

from DMD individuals IH and AF and from healthy control individ-
uals 4-6 (Table 1) were sorted and analyzed using a label-free tech-
nology named Celector (Stem Sel, Italy) (supplemental methods).'®
For each analysis, cells were trypsinized, centrifuged at 1,200 rpm
for 5 min, and re-suspended in the appropriate volume of PBS to
obtain a concentration of 300,000 cells per 100 pL. This volume
was introduced into the system and analyzed at a flow rate of
1 mL/min. Based on the cell profile, samples were divided in sub-
fractions. Cells from each patient sample were run several times
to collect the higher number of cells for downstream experiments.

For every analyzed sample, the cell area of eluting cells was
quantified using Image]J software. One representative captured pic-
ture for each fraction was used, and the particle analysis plugin
was applied. Unpaired t test statistical analyses and plots of results
were obtained using GraphPad Prism.

Phenotypic characterization of USC fractions

Cells for each fraction were collected and plated in proliferation
medium to obtain the necessary cell number for flow cytometry
and RNA analysis. The day after selection, cell images were ac-
quired using a light microscope (Leica) to visualize morphological
differences among fractions. When confluent, the cells were tryp-
sinized. 100,000 cells were stained for mesenchymal (CD90-Fitc,
CD105-Pe, CD73-Fitc, and CD146-Fitc) and hematopoietic
markers (CD34-Fitc and CD45-Pe) and read using the FACS Canto
(BD Biosciences). Data were analyzed using FlowJo software and
plotted in GraphPad Prism.

Total RNA was extracted from DMD USC fractions using the
RNeasy-kit and reverse transcribed into cDNA using random
primers and the High-Capacity cDNA Reverse Transcription Kit
(Applied Biosystems). RT-PCR was performed on B-actin to verify
cDNA synthesis.

The DMD transcript analysis was performed by FluiDMD cards’
that profile all exon-exon junctions of the 79 exons of the DMD tran-
script, including the DMD isoform promoter and/or first exon
unique regions (brain [B], muscle [M], Purkinje [P], Dp260, Dp140,
Dp116, Dp71). FluiDMD cards were run on an Applied Biosystems
real-time 7900HT appliance (Thermo Fisher Scientific). The cycle
threshold (Ct) values obtained for all exon junctions and DMD iso-
form systems were normalized by using human B-actin as the house-
keeping gene (ACt = Ct exon junction system — Ct B-actin).

Identification of rare pathogenic variants in the DMD
gene by FluiDMD and WGS analysis

Three individuals resulted negative at MLPA (P034/P035 DMD Kkit,
MRC-Holland) followed by Multiplicom NGS (Next-generation
sequencing) testing (DMD MASTR assay, Niel, Belgium) and were
further studied to identify atypical mutations escaping the diag-
nostic strategy'® using FluiDMD cards* and WGS.

RNA analysis

Total RNA was isolated from all DMD USCs and from DMD indi-
vidual SE’s muscle biopsy using the RNeasy-kit and reverse tran-
scribed into cDNA. FluiDMD cards were used to fully profile the
DMD transcript composition. The 2722¢* method was used to
calculate the relative changes in gene expression levels between
affected individuals and control samples.

We also analyzed the DMD transcript by RT-PCR in DMD indi-
vidual PF to amplify the region encompassing exons 10-12 (PCR
primer pair sequences will be provided upon request) and in
DMD individual SE to amplify the two novel transcript junctions,
GRPR exon 1-DMD exon 55 and DMD exon 54-GRPR exon 2, in the
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two fusion transcripts. PCR products were run on 1.2% agarose
gels, and purified PCR products were sequenced by Sanger method
on ABI Prism 3130 (Applied Biosystems).

DNA analysis

Genomic DNA was isolated from peripheral blood using QIAsym-
phony (QIAGEN).

WGS library construction was made by MGIEasy DNALibrary Prep
Kit V1 (BGI, cat. no. 85-05533-00) following the manufacturer’s
manual. Briefly, 1,000 ng of genomic DNA was sheared with an E
220 Covaris instrument (Covaris) to DNA fragments between
50bp and ~800 bp. The DNA fragments were size selected using AM-
pure XP Beads (Beckman Coulter, Indianapolis, IN, USA) and then
underwent end-repairing, phosphorylation, and A-tailing reactions.
BGISEQ-500 platform-specific adaptors were ligated to the A-tailed
fragments; the ligated fragments were purified and then amplified
using PCR. After quantitation and qualification, the libraries were
loaded onto a sequencing flow-cell and then processed for 100 bp
paired-end sequencing on the BGISEQ-500 platform. Standard anal-
ysis of the raw data included sequence alignment and variants (e.g.,
SNP, insertion or deletion [indel], and copy-number variation
[CNV]) calling and annotation. The Integrative Genomics Viewer
(IGV) was used to visualize the coverage and the quality of the reads
and for the visualization of structural variation (SV).?! IGV was also
used to evaluate the aligned reads adjacent to SV breakpoints that
mapped to discontinuous parts of the X chromosome.

Patient PF's DMD mutation was validated by PCR on his
genomic DNA. PCR primers were designed to amplify and
sequence the entire intron 10 (650 bp long). The breakpoints of
the 2 SVs identified by WGS in DMD individuals DI and SE were
also validated on genomic DNA. PCR primers were designed to
amplify the unique novel junctions that have been generated by
the 2 inversions to produce a unique amplicon of the inverted re-
gions. To assess the maternal origin of the rearrangements, the
genomic DNA from peripheral blood of the mothers of individuals
PFE, DI, and SE was also amplified and sequenced as done for the
DMD individuals.

All primers were designed using Primer3. Primer sequences and
PCR conditions are available upon request. The quality of the
amplified products was assessed using agarose gel electrophoresis.
Clean PCR products were used for Sanger sequencing on the ABI
Prism 3130XL (Applied Biosystems).

RepeatMasker analysis

Interspersed repeats and low-complexity DNA sequences were
investigated in the breakpoint regions of the individuals using
the RepeatMasker program.

Specifically, sequences of 650 bp overlapping the affected indi-
viduals’ breakpoints (325 bp upstream and 325 bp downstream
from the breakpoint) were screened using the program’s default
conditions: “rmblast” as the search engine and “default” as the
speed/sensitivity option. Neither the lineage annotation nor
advanced options were selected.

Results

Transcriptional profiling of native and myogenic USCs
recapitulates the DMD disease pathways and highlights
phenotype reversion by AON treatment

Gene expression profiles of MyoD-induced USCs from con-
trol individuals (C-m) and from DMD individual IG (IG-m)

revealed many deregulated genes (2,482 and 4,583, respec-
tively) compared to their native counterparts C-n and IG-n
(Figure 1A; Figure S1A). This is expected, since it is known
that myogenic differentiation causes profound changes in
the gene expression profile.”” In particular, several genes
representing many different biological functions (e.g.,
cell adhesion, cell cycle, muscle metabolism, nuclear regu-
latory factors, receptors/signaling, and structural/cytoskel-
etal) are deregulated during MyoD-induced myogenesis, as
reported by Bergstrom et al.”” Cell myogenic nature was
also confirmed by the absence of the MyoD transcript in
native USCs and by its upregulation following MyoD trans-
tection (C-n: 0 cpm; C-m: 885 cpm; IG-n: 0.205 cpm; IG-m:
658) (Figure S1B). As a further confirmation of the forced
expression of MyoD, we observed deregulation of several
representative genes modified by MyoD expression in
both the control and DMD USCs (Table S2).

A specific “disease-related” transcription signature is
observed in DMD USCs, and the myogenic differentiation
consistently modifies their transcription profile compared
to control cells (Figure 1A; Figure S1A).

To get an exhaustive insight into gene circuits differen-
tially altered in DMD USCs, we performed GSEA using
Hallmarks, KEGG, Reactome, and GO collections from
MsigDB. Only a few, but focused, gene sets were signifi-
cantly deregulated (FDR < 0.05) in IG-n compared to C-
n. Specifically, we observed the under-representation of
gene sets related to the inflammatory response, a process
associated with the damage of DMD muscle’® and in
skin-related circuits that are known to be altered in the
absence of DYS protein®* (Figure S1C). Conversely, gene
sets including multiple mechanisms of muscle develop-
ment and function were activated in C-m and IG-m
(Figure 1B). Following forced myogenesis, most signals
involved in muscular development, differentiation, and
contraction processes were upregulated in IG-m compared
to C-m cells, as it occurs in DMD skeletal muscle
(Figure 1B).'" Interestingly, several gene sets associated
with mitochondrial respiratory functions resulted as acti-
vated in IG-m cells (Figure 1D), as identified in skeletal
muscle of DMD mouse models and humans.?® In addition,
signatures of ribosomal pathways were over-represented in
IG-m USCs compared to C-m.

Interestingly, AON treatment of IG-m cells impacts the
overall gene expression (Figure 1A), causing the deregula-
tion of 772 genes (Figure S1A), with the reversion of mito-
chondrial respiratory genes and several muscular-related
pathways, such as those involved in inflammation, myo-
genesis, and muscle contraction (Figures 1B and 1C;
Figure S1D). This AON transfection effect suggests a correc-
tive action on exon skipping. Surprisingly, AON induces a
global anti-myogenic effect, since most of the core enrich-
ment genes of the Hallmark myogenesis gene set were
switched off and most of the upregulated genes in 1G-m re-
verted following the AON treatment (Table S3). Finally, we
observed the activation of Myc signaling in IG-m USCs,
pointing out the role of dystrophin in mechanisms related
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Figure 1. Transcriptional profiling of native and myogenic USCs of control individuals and DMD

(A) Supervised hierarchical clustering using the 9,383 differentially expressed genes in all comparisons. In the heatmap, each column
represents a sample and each row a gene. The color scale bar represents the relative gene expression changes normalized by the standard
deviation.

(B) Induction of MYOD1 gene expression activates an extensive transcriptional program of gene sets related to muscle differentiation,
development, and activity (contraction), both in native and DMD USCs. AON treatment seems to specifically repress contraction-related
functions. MF, Gene Ontology, molecular function; CC, Gene Ontology, cellular component; BP, Gene Ontology, biological processes; R,
Reactome gene set; H, Hallmark’s gene set; NES, normalized enrichment score. Red, positive NES (i.e., activation of the gene set in the

(legend continued on next page)
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to tumor regulation. Interestingly, the activation of Myc
signaling was also reverted by AON treatment (Figure S1D).

To elucidate the cellular composition of USCs, we inves-
tigated the gene expression profiles of IG-n and IC-n sam-
ples with an in silico deconvolution method that suggested
different compositions of native cell types. Specifically,
gene expression deconvolution indicated a homogeneous
cell composition in IG-n USCs, with a significant enrich-
ment only for the smooth muscle cellular component
and a higher heterogeneity of control USCs, with enrich-
ment in sebocyte, epithelial, keratinocyte, and mesangial
cells (Figure 1E). Interestingly, all these cell types resemble
the origin of USCs (i.e., glomerular parietal epithelial
cells),”® and this evidence prompted us to further investi-
gate the cellular composition of native USCs by cell
sorting.

USC Celector analysis identifies and separates USC
subpopulations

To strengthen the evidence from deconvolution analysis of
gene expression data, we applied Celector technology to
sort the native USCs from the control subjects and DMD
individuals and characterize their cellular composition.
Sample profiles showed differences between the control
and DMD USCs, and some variations were observed even
within the two DMD cells.

Control USCs showed a reproducible profile with similar
distribution of cells among individuals, having single cells
eluting from the 6th until the 14th minute of analysis
(Figure 2A) and cell aggregates eluting in fraction F1
(Figure 2D). The main peak was, however, composed by
two fractions, F2 and F3, definitively supporting a heterog-
enous cell type composition (Figure 2A).

Diversely, DMD USC analysis exhibited two distinct pro-
files. DMD individual IH, carrying an exon 50-52 deletion,
showed a larger-base peak with a high proportion of F2
cells, while DMD individual AF carries an exon 46-47 dele-
tion, showing a thin-base peak with the majority of F3 cells
(Figure 2B). Notably, the profile of DMD cells is clearly
different from those of the control samples (Figure 2C).
So, based on the Non-Equilibrium, Earth Gravity-Assisted
Dynamic Fractionation (NEEGA-DF) principles that bigger
and denser cells elute earlier than smaller ones, the dimen-
sional analysis proved the presence of large-sized DMD
USC cells in F2 and F3 compared to control USCs

(Figure 2E), suggesting a DMD-related effect on cell size.
This is also clearly visible in the capture images of the
running analysis (Figure 2D). In addition, both F2 and F3
fractions of DMD individual IH showed smaller cells
compared to DMD individual AF (Figure 2F).

Cells collected from every sample were immediately plated
in proliferating medium for morphological evaluation and
phenotype analysis. In general, no difference was observed
among collected fractions in all samples. Cells were quite ho-
mogeneous in their morphology, with fibroblastic-like or
rounded shapes present in all sorted fractions. The DMD
USCs appear larger than the control USCs (Figure 3A), as
also shown by quantification of the area of eluting cells.

Since USCs have been shown to express mesenchymal
markers,”?”~?° we evaluated if there were some differences
in the expression of these markers among the fractions
(Figure 3B). Mesenchymal markers CD73 and CD105
were highly expressed in all control USC fractions, while
they significantly decreased in some fractions of the
DMD USCs. CD73 was significantly lower in both F1 and
F2 of DMD USCs as compared to the same fractions of
the control (p < 0.05 and p < 0.01, respectively) and in
F2 compared to F1 in DMD USCs (p < 0.05). CD105 was
lower in all DMD fractions compared to controls, with sta-
tistically significant differences in Ftot, F2, and F3 (p <
0.05), while pericyte marker CD146 was almost not ex-
pressed in DMD USCs. The hematopoietic markers CD34
and CD45 were not expressed in both groups. These results
confirmed the elevated heterogeneity of USCs.

We also analyzed the DMD transcript in the DMD USC
fractions. FluiDMD card showed that the DMD isoforms
are differentially represented in the two DMD individuals’
fractions (Figures 3C and 3D). Full-length M and B iso-
forms are represented both in F2 and F3, while full-length
P and the short Dp140 isoforms are present only in DMD
individual AF and in F3.*°

The shortest and ubiquitous Dp71 isoform, normally
present in many adult tissues and with higher levels in
the central nervous system, is expressed in all the tested
fractions, including F1, where it represents the only
isoform detected. Dp260 and Dpl16 isoforms are in-
consistently expressed across fractions. Dp140, Dp260,
and Dpl16 are tissue-specific isoforms normally present
only in the brain, retina, and peripheral nerves,
respectively.’*!

first condition); blue, negative NES (i.e., repression of the gene set in the first condition); FDR, p value after false discovery rate correction.

Only significantly (FDR < 0.05) enriched gene sets are shown.

(C) Enrichment plot of the myogenesis gene set from the Hallmark collection (Figure S1): the myogenesis process is activated after MyoD
treatment (first 3 plots), while repressed following AON transfection. All genes of the gene set are ranked based on the ratioZ2noise statis-
tics, with the most upregulated genes (red color) on the left and the most downregulated genes (blue color) on the right. The green curves
show the enrichment score and reflect the degree to which each gene (black vertical lines) of the myogenesis gene set is over-represented

at the top or at the bottom of the ranked gene list.

(D) MyoD induction promotes the mitochondrial and ribosomal activities, whereas both are repressed by AON treatment. K, KEGG data-

base; further abbreviations as in (B).

(E) Deconvolution analysis indicates that native USCs are significantly enriched in gene sets of specific cell types. In particular, DMD
USC:s are enriched in gene sets of smooth muscle cells only, whereas USCs from the pool of control individuals are enriched in gene
sets characteristic of cells from a different component of the urinary system. ES, enrichment score; FDR, false discovery rate.
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Figure 2. Celector profile of control individuals and DMD USCs

(A-C) Elution profile of control individuals (4-6) and DMD (IH and AF) samples and cell collection time intervals (fractions F1, F2, and
F3). The profile represents the number of eluting cells versus time.

(A) Control cells showed a similar profile, as seen by the same elution time (6 to 15 min). The height of the peak represents the number of
cells analyzed. In the control group, cell aggregates eluted in the first minutes are recorded by the first peak.

(B) DMD cells showed a similar profile, but the elution time is shorter compared to control (CTRL) cells. When two DMD samples were
analyzed, it was evident that there was a higher distribution of cells in F2 (5 to 7.5 min) in the IH sample compared to the AF sample
(colored area, *).

(C) The comparison of the three profiles showed a heterogeneity among USCs. DMD-USCs exit earlier from the capillary channel
compared to CTRL, meaning that they are bigger and denser.

(D) Based on live images of eluting cells taken by the camera placed at the outlet of the capillary channel, we confirmed the presence of
cell aggregates in F1 and then single cells flowed in F2 and F3.

(E) Area of eluting cells confirmed the separation principle. Average of DMD cell area is higher for all three fractions (F1, F2, and F3)
compared to CTRL.

(F) Differences in the cell area between the two DMD samples. DMD AF presented bigger cells compared to DMD IH. Graphs show
average and standard deviation., Unpaired t test was performed: *p < 0.05; ****p < 0.0001.

USCs represent a robust and effective model to
diagnose atypical DMD mutations in undiagnosed
individuals

a complete absence of DYS protein on WB (Figure 4B). An
absence of amplification of the exon-exon junction 10-11
(Figure 4C) was observed in his USCs by FluiDMD analysis.

We used USCs to profile the DMD transcript using Flu-
iDMD in three individuals (PF, DI, and SE), where no
DMD mutations were identified by MLPA or DMD gene
full sequencing.

PF has no family history of any neuromuscular disorders
(Figure 4A). Muscle biopsy showed dystrophic changes and

RT-PCR amplification followed by sequencing revealed the
presence of two PCR products between exons 10 and 11,
one with the inclusion of an additional 141 bp and the sec-
ond one with the inclusion of 112 bp (Figure 4D).
Sequencing of DMD intron 10 identified a previously unre-
ported SNP ¢.1149+4250C>T, which generates a novel
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Figure 3. Characterization of USC fractions from DMD and control individuals

(A) Comparison of cellular morphology among fractions. No differences in the morphology are observed between the total fraction
(Ftot) and the sorted fractions F1, F2, and F3: both elongated and rounded cells are present before and after Celector separation. The
morphology of the third control sample was like CTRL4.

(B) Evaluation of CD surface markers expressed in the control (upper graph) and DMD (lower graph) USCs by flow cytometry. Bars repre-
sent the average of expression between controls (3 samples) and the two DMD samples (unpaired t test: *p < 0.05). CD73 and CD105
were highly expressed in all control USC fractions, while significantly decreased in some fractions of the DMD USCs. CD73 is signifi-
cantly lower both in F1 and F2 of DMD USCs as compared to F1 and F2 of control (p < 0.05 and p < 0.01, respectively) and in F2
compared to F1 in DMD USCs (p < 0.05). CD105 is significantly lower in Ftot, F2, and F3 (p < 0.05) of DMD fractions as compared
to controls. CD146 has low expression in USCs of the control and is almost not expressed in DMD USCs.

(C and D) Gene microfluidic card (FluiDMD) profiles of native USCs from DMD IH carrying the deletion of exons 50-52 (C) and DMD AF
with the deletion of exons 46-47 (D). FluiDMD shows amplification of the DMD isoforms for the three fractions (F1 blue bar, F2 red bar,
and F3 green bar) obtained following the separation by Celector. M and B isoforms are represented both in F2 and F3, while P and Dp140
isoforms are present only in DMD individual AF and in F3. Dp71 is expressed in all the fractions, including F1. Dp260 and Dp116 iso-
forms are inconsistently expressed across fractions. DCt, delta Ct corresponding to the difference between Ct from DMD isoforms and Ct
of the housekeeping gene (B-actin).

donor splice site (Figure 4E). This donor splice site activates
two cryptic acceptor splice sites (c.1149+106_107 and
c.1149+135_136) creating two novel alternative pseudo-
exons, defined as ¢.1149+108_248 and 1149-+137_248,
incorporated into the DMD transcript and both leading
to early premature stop codons. The sequence of the
mother’s genomic DNA confirmed the maternal inheri-
tance of the mutation, being that she is a carrier (data
not shown).

DI has no family history of any neuromuscular disorders
(Figure 5A). The immunochemistry analysis of his muscle
biopsy showed complete absence of DYS (Figure 5B). Com-

plete absence of the transcript region spanning exons 1-53
was observed in his USCs by FluiDMD analysis (Figure 5C),
suggesting the presence of a large genomic rearrangement.
FluiDMD profile shows that Dp71 is the only isoform ex-
pressed in DI's USCs. Indeed, the Dp71 promoter, located
in intron 62, is spared by the inversion. Exon-exon junc-
tions 54-55, 57-58, 59-60, and 61-62 are observed, though
with extremely high Ct, and could be due to intermediate
splicing products related to some residual activity of shorter
isoform promoters (Dp260, Dp140, and Dp116), which
might have some inverse-oriented, inefficient transcrip-
tion. M and P isoform exon 1 junctions are detected, since
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Figure 4. Clinical features, transcriptional studies, and identification of mutation in DMD PF

(A) Pedigree of DMD individual PF’s family. The index individual (I1I3, arrow) has a DMD diagnosis and carries the ¢.1149+250C>T mu-
tation in intron 10 of the DMD gene (D, right). The individual’s mother (II12) is a carrier of the DMD mutation.

(B) Histological analysis with hematoxylin and eosin (H&E) (left part) and immunostaining with the dystrophin antibody to rod-domain
and C-terminal regions (right part) of muscle sections from DMD PF. Dystrophic changes (variation in fiber size, fibrosis, inflammatory
infiltrate) are observed with H&E and only few revertant fibers are dystrophin positive. Western blot analysis (lower part) shows the com-
plete absence of the dystrophin protein in the DMD PF muscle.

(C) Expression of dystrophin transcript in native USCs from DMD individual PE. FluiDMD shows the absence of amplification of the
exon-exon junction 10-11 of the dystrophin transcript. Ct, cycle threshold.

(D) Sequencing of the dystrophin transcript of the DMD individual. The region spanning exons 10-12 was amplified, and PCR products
were sequenced. Two transcripts spliced between exon 10 and exon 11 were found, the first one of 141 bp (pseudo-exon 10a, left box)
and the second one of 112 bp (pseudo-exon 10a, right box); the red circle highlights the acceptor site of the shorter pseudo-exon 10b.
(E) Sequencing of intron 10 identified the pathogenic mutation ¢.1149+250C>T (*) generating a donor splice site.
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Figure 5. Clinical features, transcriptional studies, and identification of mutation in DMD DI

(A) Pedigree of DMD individual DI's family. The index individual (III1, arrow) has a DMD diagnosis and carries the genomic inversion of
about 10Mb encompassing the Xp region g.23607043_32981797inv. The individual’s mother (I12) is a carrier of the DMD mutation. She
is asymptomatic with a normal serum CK level.

(B) Immunohistochemistry of dystrophin. Inmunohistochemistry of spectrin (Leica) (a) revealed normal sarcolemma integrity. Dystro-
phin (b-d) immunohistochemistry (Leica) showed no labeling of antibodies directed to N-terminal (b), rod-domain (c), and C-terminal
(d) of dystrophin (20x magnification).

(C) FluiDMD of RNA from native USCs of DMD patient DI shows the absence of amplification of the region spanning exon 1-53 of dys-
trophin transcript with only Dp71 fully transcribed, since maintaining their promoter and first exon. Sporadic amplification of some
upstream exons is due to mimicry, since no adjacent exons are present in the DMD transcript. Ct, cycle threshold.

(D) Genomic inversion of about 10 Mb encompassing the region Xp g.23607043_32981797inv revealed by WGS analysis. The break-
points are localized in a non-coding region of Xp22.12, position g.23607041_23607042, and in Xp21.1, position g.32981798_802, cor-
responding to intron 2 of the DMD gene.

(E) Left panel: genomic inversion including part of intron 2 and the exons from 3 to 79 of the dystrophin gene. Right panel: the unique
junctions generated by the inversion (A and B) were amplified and sequenced. A small deletion/insertion was found at breakpoint 3’ (A)
due to 2 bp deletion (delAA) and the insertion of 3 bp (insTTC). At breakpoint 5’ (B), a GAATA-like motif was observed.

.
A
f
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their promoter regions are not involved in the inversion
(Figure SE). The absence of amplification of the expected
M 1-2 exon-exon junction is probably due to a non-sequen-
tial splicing, which has been previously described in the
DMD transcript.”> WGS analysis (Figure 5D) identified a
large genomic inversion of about 10 Mb encompassing
the Xp region g.23607043_32981797inv. The two break-
points of the inversion were localized in an Xp22.12 non-
coding region (g.23607041_23607042) and in Xp21l.1
(g.32981798_802) corresponding to intron 2 of the DMD
gene, respectively. The genomic inversion, therefore, in-
cludes almost all DMD intron 2 and exons 3-79
(Figure SE, left panel). Amplification and sequencing of
the 5’ and 3’ unique genome fusion junctions confirmed
the two breakpoint sequences (Figure SE, left panel). Sanger
sequencing also highlighted the occurrence of a small dele-
tion/insertion due to a 2 bp deletion (delAA) at position
g.23607041_042 and an insertion of 3 bp (insTTC) at the
breakpointin Xp22.12. Ashort S bp GAATA-like motif local-
ized at the Xp21.1 breakpoint (g.32981798_802) could be
possibly implicated in causing the large inversion through
a microhomology-mediated recombination mechanism.
The mother resulted as being a carrier of the inversion
(data not shown). RepeatMasker analysis showed a 201 bp
LINE1 element in intron 2 of the DMD gene, which is
involved in the inversion breakpoint.

Patient SE’s pedigree does not show any family history of
neuromuscular disorders (Figure 6A). His muscle biopsy
showed a dystrophic pattern and an absence of DYS protein
(Figure 6B, left panel). The mother also has a muscle biopsy
showing a mosaic of DYS staining, therefore being a possible
carrier (Figure 6B). The FluiDMD analysis of the USCs from
patient SE showed the absence of exons 1-54 and Dp71 as
the only isoform expressed (Figure 6C, left panel). Interest-
ingly, FluiDMD on muscle biopsy RNA showed a different
profile, apparently with all DMD exons represented and all
DMD isoforms represented, except for Dp140 (Figure 6C,
right panel). A clear delay of the exon 54-55 junction was
also well visible, possibly suggesting the occurrence of a
genomic event hampering the regular splicing of these two
exons. In addition, a global significant reduction of muscular
DMD transcript (M) is clearly visible in muscle biopsy-
derived RNA (Figure 6C, right panel). WGS analysis identi-
fied a large inversion of about 15Mb encompassing the
region of chrX: g.16147177_31662545inv (Figure 6D). The
two breakpoints were localized in Xp22.2, position
g.16147177_178, corresponding to intron 1 of the GRPR
gene and in Xp21.1, position g.31662545_546, correspond-
ing to intron 54 of the DMD gene, respectively. Repeat-
Masker analysis showed a 71 bp Short interspersed
nuclear element (SINE) localized in intron 54 of the DMD
gene and a 50 bp Long interspersed nuclear element (LINE)
inintron 1 of the GRPR gene, both adjacent to the inversion
events. This genomic inversion encompasses DMD exons
55-79 and includes the promoter regions of Dpl116 and
Dp71 (Figure 6E). Breakpoint junctions were amplified and
sequenced, revealing the 5'-3’ unique junctions (Figure 6E,

genomic locus). A microhomology (AG/TC) at the two
breakpoints might have been possible, facilitating the inver-
sion. The mother is heterozygous for the inversion, being a
confirmed carrier (data not shown). Interestingly, this inver-
sion impacts on transcription, since we identified two fusion
transcripts: one is driven by the GRPR promoter, leading to
exon 1 being adjacent to the inverted DMD exon 55; the
second is driven by the M DMD promoter till exon 54, which
becomes adjacent to the inverted GRPR ex2 (Figure 6E,
fusion transcript panels). These two fusion transcripts ac-
count for the muscle biopsy FluiDMD profile, which detects
all DMD exons. In native USCs, only the DMD transcript
driven by the GRPR promoter is amplified starting from
exon S5 (Figure 6E).

Discussion

We analyzed USCs to define their transcriptional landscape
also in relation to AON treatment and to identify subpop-
ulations that might be disease related. We also used USCs
as a source of DMD transcripts to address atypical muta-
tions in undiagnosed DMD individuals, followed by WGS.

RNA-seq data defined transcriptomic signatures of USCs
and support their use as a DMD cell model

Our RNA-seq study demonstrates that during USC myo-
genesis, a set of MyoD-regulated genes are consistently de-
regulated (both in DMD and in control individuals) as
observed in other MyoD-induced cell types.'” In addition,
specific markers related to myogenesis and muscular func-
tions are upregulated. As we previously reported,”’ direct
exogenous expression of MyoD induces trans-differentia-
tion of USCs into myoblast-like cells. According to this,
functional enrichment analysis showed that native USCs
partially recapitulate the DMD muscle phenotype and
that only a few genes associated with DMD muscle signa-
tures, like inflammation, are deregulated. Following USC
myogenic transformation, the vast majority of known
DMD deregulated gene sets are markedly deregulated, espe-
cially those involved in muscle contraction mechanisms,
as expected, thus highlighting dystrophin deficiency and
DMD-related RNA features.

In DMD myogenic USCs, we observed an evident dereg-
ulation of transcripts associated with muscle structural
genes, development, and differentiation pathways, indi-
cating an aberrant myogenesis, as also suggested by the
activation of myogenesis genes. Indeed, dystrophin inter-
acts with other anchoring proteins and plays a key role
in maintaining the stability of the sarcolemma, therefore
regulating the expression and localization of several myo-
genesis-related signaling molecules such as kinases."' Dys-
trophin is also produced in satellite cells, where it is
involved in controlling the satellite cell polarity and asym-
metric division. Therefore, lack of dystrophin may influ-
ence their symmetrical division and may decrease the gen-
eration of new myogenic progenitors.**
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Figure 6. Clinical features, transcriptional studies, and identification of mutation in DMD SE

(A) Pedigree of DMD patient SE’s family. The index individual (IV2, arrow) has a DMD diagnosis and carries the inversion of about 15 Mb
encompassing the chrX region: g.16147177_31662545inv; the individual’s mother (II12) is a carrier of the DMD mutation with a high
serum CK level and mosaic dystrophin pattern at muscle biopsy (panel B).

(B) Right panel (upper part) shows the immunostaining with Dys-2 dystrophin antibody of muscle sections from the normal control,
SE, and his carrier mother. Only a cluster of a few revertant, dystrophin-positive fibers is seen in patient SE, while a mosaic dystrophin
staining is observed in the mother. Histological analysis in DMD patient SE with H&E (lower part) shows diffuse dystrophic changes
(variation in fiber size, fibrosis, inflammatory infiltrate, and pale necrotic fibers). WB (left panel) shows the complete absence of the dys-
trophin protein in DMD SE’s muscle (Dys2, C-terminal antibody). In the carrier mother, a fragment of normal molecular weight and
reduced intensity is detectable.

(C) Expression of dystrophin transcript in native USCs from patient SE. Left panel: FluiDMD on native USCs shows the absence of ampli-
fication of region spanning exon 1-55 with only the Dp71 isoform represented. Central panel: FluiDMD on skeletal muscle shows the
amplification of both full-length and shorter DMD isoforms, except for Dp140, which is usually undetected. Right panel: 2~**“* method
was used to obtain the relative quantification of the DMD transcript between the DMD individual and the control. A global significant
reduction of muscular dystrophin transcript (M) and the upregulation of P and Dp260 isoforms are observed. Ct, cycle threshold.

(D) Inversion of about 15 Mb encompassing the chrX region: g.16147177_31662545inv, revealed by WGS analysis. The breakpoints are
localized in Xp22.2, position g.16147177_178, corresponding to intron 1 of the GRPR gene and in Xp21.1, position g.31662545_546,
corresponding to intron 54 of the DMD gene.

(E) Genomic locus: the unique junctions A and B generated by the inversion were amplified and sequenced, and the inversion config-
uration was confirmed. The figure highlights the genomic coordinates of the novel junctions generated by the inversion; 2 bp homology
(AG/TC) was observed at the breakpoints, possibly causing the genomic inversion by a microhomology-mediated recombination
(MMR). Fusion transcript: two fusion transcripts were found in RNA from SKM, the first one between GRPR exon 1 and DMD exon
55 induced by the GRPR promoter (left) and the second one between DMD ex 54 and GRPR ex 2 derived from the DMD promoter (right).

Among the deregulated gene sets, we found that the deregulation of mitochondrial pathways was reverted by
mitochondrial gene pathway is invariably altered, not sur- AON exon-44-skipping treatment, suggesting mitochon-
prisingly since impaired mitochondrial respiratory func- dria might be an appropriate target to be studied in USCs.
tion with Complex I dysfunction and elevated mH,O, A MYC-signaling-related path is also upregulated in
levels is known to occur in DMD muscle.”>***> Notably, DMD myogenic USCs. MYC targets are known to predict
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tumor aggressiveness in breast tumors.>® Very interest-
ingly, DMD is a known oncosuppressor, a role that is
now more explored in cancers, especially brain tu-
mors.””*? It is appealing to consider USCs as pertinent
cells to study cancer, like in DMD-related tumors such as
sarcoma and glioblastoma, but also in other cancer types.

AON transfection inducing the skipping of exon 44 and
the restoration of the dystrophin protein expression” re-
verted most of the DMD deregulated genes, especially
those belonging to myogenesis, inflammation, and muscle
contraction gene sets. In a previous study performed in hu-
man control primary myotubes treated by U7snRNA-ES3,
this was not observed.*' The authors, however, used con-
trol cells and not DMD-derived cells. Further data are
needed to confirm that USCs can be a valuable cell model
in evaluating exon-skipping effects.”**

Obtaining meaningful omics data from large, rare dis-
ease patient cohorts is challenging. DMD is a rare neuro-
muscular disorder with an estimated incidence of 1 in
5,000 male births, and large patient cohort studies are
possible only by international collaborations.**

Further complicating the issue of having consistent rep-
licates, many DMD mutations are private, ultrarare, and
occur in a small group of individuals.** It is therefore un-
likely to find DMD muscle biopsy from individuals car-
rying the same genomic mutation to be considered as rep-
licates. Nevertheless, the large dataset of RNA-seq output
included in this paper represents a proof of concept sup-
porting USCs as mirroring DMD muscle transcriptome
and suggesting that they can be useful to study DMD dis-
ease pathomechanisms. This is corroborated further by
our genomic data, where USCs were successfully used to
address DMD atypical mutation identification.

Celector technology for USC sub-population studies
Deconvolution analysis of RNA-seq data clearly suggests
different cell-type compositions of USCs. It is known that
mesenchymal cells, such as USCs, are a heterogeneous
cell population displaying distinct morphologic and
expression characteristics in cultures.”***> Unfortunately,
the lack of already-known specific and unique cell surface
markers for the identification and isolation of each cell
subpopulation makes cell sorting difficult and imprecise.
To gather information about USC cellular composition,
we used Celector technology. This novel method revealed
for the first time the presence of at least three distinct cell
fractions that were eluted at different velocities and
collected in separated tubes for subsequent analysis,
without any additional manipulation and use of antigen-
specific antibodies.

The profile of these fractions was, however, similar in the
control samples but quite different in DMD cells with
possible disease-related characteristics.

In DMD cells, CD markers were uneven, and DMD iso-
forms were differentially detected in each fraction and
among DMD individuals carrying different mutations.
The Dp140 isoform, which is known to be a developmen-

tally regulated isoform, uniquely expressed in some adult
brain areas, was found expressed in the F2 fraction of a
DMD individual carrying an exon 46-47 deletion. This
surprising finding suggests that the F2 subpopulation
might be used to study DMD brain-related functions.*®
Furthermore, based on published data reporting the possi-
bility to convert the urinary cells in neurons,*”** we may
speculate that specific USC fractions might be most suit-
able to be induced as neuronal cells, with a more general
utility for exploring other brain circuits. In addition, we
suggest that cell morphology in adherent cells might
not be related to expression characteristics, since both
rounded and elongated USCs, after sorting, are still present
in cultures.

The different expression profiles between control and
DMD cells found in both deconvolution and Celector anal-
ysis indeed indicate different development stages of cells
underlining its cell-specific sorting performance. Indeed,
Celector is capable of sorting cells with higher stemness
and plasticity, as observed in amniotic fluid stem cells,
which share similar characteristics with USCs because of
their renal origin,**>' therefore being an attractive tool
to finely separate USC populations to be used for different
aims. These results lead the basis for new studies, in which
the deep characterization of each cell fraction will eluci-
date the possible biological applications of the USC sub-
populations.

USC RNA profile and WGS successfully identify
“undetected”, rare, atypical DMD mutations

Bridging USCs with diagnostic applications, we demon-
strated that these cells can be used to consistently profile
DMD RNA, addressing the genomic definition of rare, atyp-
ical mutations. Although about 98% of DMD mutations
can be identified by standard methods, a very small per-
centage (likely less than 1%) of DMD individuals remain
undiagnosed and orphan of a genetic diagnosis.** These
individuals are often defined as “undiagnosed”, a very pop-
ular term currently. More appropriately, they could be
defined as “undetected”, since the clinical diagnosis was
made, but the mutation not identified, due to insufficient
detection rates of routine diagnostic methods. FluiDMD
gene transcriptional profiling followed by WGS analysis
successfully allowed the identification of all causative mu-
tations in the 3 undiagnosed or undetected DMD individ-
uals. In all cases, FluiDMD alone was able to precisely iden-
tify the exonic critical region involved in the mutation,
where absent exons or retarded exon-exon junctions
were seen. In patient PF, a pathogenic intron 10 small vari-
ation creates a very strong (scored 0.44) novel donor splice
site, which induced the recognition of two intron 10
downstream cryptic acceptor splice sites. This small patho-
genic variation causes the production of two out-of-
framing transcripts, each of them incorporating one of
the two alternative pseudoexons. The out-of-frame tran-
scripts hamper DYS translation and cause a severe DMD
phenotype. This is a novel, rare, and deep intronic DMD
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mutation. It is not unusual, however; a few similar ones
have been previously described.>?

In patients DI and SE, we found two large and never-
before-reported inversions in the DMD gene, further sup-
porting the value of WGS in detecting novel complex rear-
rangements.>*>°

Indeed, though in a few cases, complex CNVs, such as
large insertions, deletions, translocations, and inversions,
were recently identified in the DMD gene by long-read
WGS, long-read gene-specific DMD sequencing, and nano-
channel-based NGS technology.*®>? We successfully iden-
tified two inversions using short-read WGS. Short-read
WGS preserves high read quality and sequencing coverage
depth, obviously very useful for accurate variation identifi-
cation, reconstructing complex variations, and finely
recognizing the breakpoints.

Patient DI's inversion is a classic inversion whose 3’
breakpoint localizes in an Xp22.12 non-coding, intergenic
region, and its 5’ breakpoint localizes inside DMD intron
2. A small deletion/insertion occurs at the 3’ breakpoint
due to a 2 bp deletion (delAA) and to an insertion of
3 bp (insTTC). Adjacent to the 3’ breakpoint, a GAATA-
like motif is observed. Not surprisingly, intron 2 is a
huge intron (170,318 bp), extremely rich in mobile ele-
ments. RepeatMasker analysis indeed showed a 201 bp
LINE1 element, which is involved in the inversion. This
element might have primed a non-homologous recombi-
nation event. Functionally, and as expected, this inver-
sion causes the complete lack of all full-length DMD iso-
forms. Patient DI may thus only express the Dp71
isoform. Nevertheless, his muscle biopsy shows a com-
plete lack of DYS protein. The Dp71 isoform is known
to play essential functions in the brain;* therefore, pro-
tein production in this individual might be preserved in
brain areas only via a tissue-specific expression. Indeed,
patient DI is a 36-year-old man with classic DMD motor
milestones but with fully preserved cognitive functions.
He has two university degrees and excellent intellectual
skills. This extremely peculiar mutation, which knocks
out all DMD full-length isoforms in terms of either protein
translation or complete transcription knockout, might
therefore be very useful in studying the effects of pure
Dp71-related functions. Patient SE shows a large inversion
of about 15 Mb, whose breakpoints, however, are
different, being localized at the 3’ of DMD intron 54
and at the 5 of intron 1 of the GRPR gene. Gastrin-
releasing polypeptide (GRPR or Bombesin, MIM: 137260)
is a receptor, networking within the autocrine loop and
involved in cell growth, being highly expressed in neuro-
endocrine cells, and was found overexpressed in a variety
of cancers such as small-cell lung carcinoma. GRPR is
highly expressed in GABAergic interneurons of the lateral
nucleus of the amygdala and exerts an excitatory function
in these interneurons with a cascade inhibitory effect.
Some animal studies supported a causal relationship be-
tween GRPR gene expression and amygdala-dependent
memory for fear.' Apparently, no relationship exists

between GRPR and DMD gene function, although the
fear-related aspects are of interest, since they are invari-
ably present in DMD individuals.**“* As pure speculation,
the inversion breakpoint within the GRPR gene, causing
its knockout, could have contributed to worsening the
fear-related phenotype.

RepeatMasker analysis showed a 71 bp SINE element
localized in intron 54 of the DMD gene and a 50 bp LINE
element in intron 1 of the GRPR. The presence of these
two mobile elements does not suggest a specific mutation
mechanism, although their proximity may have facilitated
non-homologous recombination and inversion. This
inversion is also extremely peculiar for its effect on tran-
scription. It generates two fusion transcripts, one driven
by the GRPR gene with composition GRPR exon 1 and
DMD exon 55-exon 79, and the other driven by
the DMD M promoter with composition of DMD exon
1 m-exon 54 and GRPR exon 2.

The different transcriptional profile in the USCs and
skeletal muscle we have observed, characterized by the
lack of the DMD promoter-driven transcript in USCs,
which, according to our USC transcriptional data, would
be expected since the M isoform should be transcribed, is
surprising. Epigenetic chromatin reshaping, due to the
very large genomic rearrangement, may have occurred,
causing the silencing of the M promoter, as already
described for other genomic regions.®*

Patient SE’s inversion was addressed by RNA analysis,
since the delayed 54-55 exon-exon junction likely reflects
the occurrence of the intron 54 breakpoint, and its low-
level representation in muscle might be related to trans-
splicing events between the two fusion transcripts, which
may form a chimeric RNA.°*®> The WGS reads seem to
exclude a highly represented mosaicism, which, however,
cannot be completely ruled out.®®

Conclusions

We showed that USCs are a robust tool for studying DMD,
with a large landscape of utilities, from transcriptomic
profiling to diagnostics. The intriguing possibility of sort-
ing out cell subpopulations using Celector may further
allow for the isolation of specific cells that may exhibit
different functional properties and give rise to several cell
lineages, with many implications in research and thera-
peutic investigations. We believe that these autologous
cells will have a variety of applications for both DMD
and other rare genetic disease research and diagnostics.
As a final consideration, the genomic (RNA profile fol-
lowed by WGS) approach we have adopted might be the
gold standard to identify undetected DMD mutations,
very likely applicable to many other similar, undetected,
pathogenic gene variations.
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