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1. Executive summary  
The aim of the BIO-NMD project was the identification of pre-clinical, novel, genomic and proteomic 
biomarkers, which may correlate with drug response, diagnosis and disease prognosis of the selected NMDs 
(DMD, BMD, COL6 myopathies) by determining genomic variations as well as defining specific transcription 
or protein profiles or disease-related pathways both in human and in suitable animal models. In order to 
realize this ambitious objective the BIO-NMD adopted two main strategies. The first was the omic approach, 
meaning analyzing the whole genome, transcriptome, or proteome sets using innovative technologies, as 
whole exome sequencing, sequencing of the full transcriptome (RNAseq) and proteome profiling, by custom 
designed multiplexes immunoassays or using novel high throughput techniques on whole proteome. The 
second was the more traditional targeted search for biomarkers using candidate genes/proteins selected on 
the bases on bioinformatics tools enabling gene prioritization based on their functions or relationships with 
the functional pathways (interactome) which are involved in the selected diseases. In addition, the project, 
via the clinical task force, identified some patients’ categories, to be selectively studied and compared each 
other. This novel approach was adopted to overcome the known difficulties in sorting out genome inflation 
(for SNPs search or massive parallel sequencing) and the need to study highly dimensioned population in 
order to have results with statistical meaning. This global approach has made possible the identification of 
biomarkers in a relatively small population as DMD and COL6 myopathies, and based on the analysis of a 
relatively small number of samples, as usually happens when studying rare diseases (see FIGURE A in 
Annex). The BIO-NMD was a discovery project but it envisaged a clinical impact through the biological 
validation of the identified biomarkers in large clinical series. The project original prevision was to identify 4-6 
biomarkers usable for DMD, COL6 disease and perhaps translatable in other rare neuromuscular diseases. 
In light of what we have experienced and carried on during these three years, our vision is slightly different, 
but even more forceful. Indeed we have discovered many exploratory biomarkers; all of these were 
technically validated using different independent methods/platforms. Among these we have prioritized 
biomarkers based on multiple evidences and specific interactome characteristics. The final number of 
biomarkers we have discovered and that should be further exploited and biologically validated in other 
patients cohort is higher (see FIGURE B in Annex) since we have learned that for rare diseases (and 
probably not only) a biomarker reflects a very specific aspect of the disease, or a fine tuned clinical feature, 
as age at loss of ambulation, corticosteroid response, maintaining (loosing of certain clinical ability 
(respiratory capacity) or occurrence of specific clinical signs, as dilated cardiomyopathy. These biomarkers 
allow us to distinguish between specific phenotypes. In these terms, we do have now many biomarkers, 
either proteomics or genomics, that are related to specific disease features. The next step would be 
validating them in larger patients’ cohort but also, due to the specific and defined clinical characteristic these 
biomarkers are associated with, in other similar symptoms (and not only diseases). For example, biomarkers 
identified in DMD and associated with the presence of dilated cardiomyopathies, might be explored not only 
in rare diseases or NMDs but also in cardiac phenotypes; having SNPs identified as susceptibility to drug 
(corticosteroid) response, supports the rationale to search for these SNPs in other non muscle diseases in 
which therapy with corticosteroids gives different response, as autoimmunity or asthma. In this view, the 
impact of the BIO-NMD project is not only on NMDs but also on other disorders, which share with NMDs 
specific, fine tuned clinical features. 
This previously unforeseen objective has higher impact as it can have a wider resonance in the human 
medicine and novel therapies. 

Apart from the results we have achieved in terms of quantity and quality of the biomarkers identified, the 
second added value of the project regards the approach we have followed (comparing patients’ categories 
with extremely well defined sub-phenotypes) and using (since we analyze a small number of samples) omic 
or wide targeted approaches. This combined and flexible strategy might be adopted for other similar rare 
diseases in order to address novel therapies, innovative diagnostics, and phenotype dissection. 

Thirdly for the technical innovation aspects, the BIO-NMD project has allowed all partners at implementing 
the knowledge on omic techniques, novel bioinformatics tools have been developed and can be used in a 
large variety of diseases, not only rare. The BIO-NMD database now contains data (SNPs, transcripts, 
proteins, and of course phenotypes) that can be used in other projects, and the recently approved EU 
Neuromics and RD-Connect projects will not only implement some aspects of the BIO-NMD but also benefit 
of the huge amount of data collected. Beside that, the availability of human samples, coming from various 
partners as well as from the Eurobiobank, also utilized within the BIO-NMD, have been finely characterized, 
categorized and disseminated among partners for being studied. 
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2. Project context and objectives  
 
Rapidly expanding knowledge of neuromuscular diseases (NMDs) has provided new targets for disease 
characterization, early diagnosis and drug development whilst presenting many challenges about how to 
translate this knowledge into clinical practice. This is all the more challenging as initial clinical trials typically 
run for such a short time that it is difficult for improvement to be effectively measured. Alongside this, NMDs 
are chronic degenerative diseases, often associated with severe muscle weakness making the 
characterization of clinical parameters challenging. 

BIO-NMD project is a consortium of 12 partners coordinated by Prof. Alessandra Ferlini at the University of 
Ferrara. It is a EU-funded project devoted to the discovery and validation of biomarkers in muscle 
dystrophies with the aim of improving disease and therapy monitoring. It is a translational project focusing on 
Duchenne and Becker muscular dystrophies (DMD, BMD and other dystrophinopathies) and collagen VI-
related myopathies (COL6 myopathies, which includes Ullrich congenital muscular dystrophy and Bethlem 
myopathy). 

Biomarkers have been defined as cellular, biochemical, molecular alteration or biological characteristics that 
are measurable and evaluable in biological material as indicator of normal biological or pathogenic 
processes. Biomarkers may be used in, differential and  early diagnosis, and in monitoring of disease 
progression, regression, or therapeutic. The project was privileged to use  omic technologies (such as whole 
exome sequencing (WES)  MaldiTof protein studies, multiplexes immunoassays) in order to maximize the 
discovery task. Targeted approaches such as SNP arrays, ELISA assays and antibody bead array have 
been used both for the discovery and the validation phases. Bioinformatics was crucial for BIO-NMD and 
was carried both by developing novel tools for data analysis, and by dedicating software to WES analysis 
data storage, expression profiling and RNAseq analysis and variome interpretation. Thus, BIO-NMD 
contributed also to whole-OMIC high throughput platforms development, application and optimization. Some 
customized/gene specific assays were also set up.  

WES analysis was performed in a group of DMD patients categorized depending on the disease severity 
(early/late loss of ambulation, normal/super survivors). These studies have identified several SNPs 
thatmodify the severity of the disease. These SNPs will be validated in larger cohorts and may also aid  
patient stratification in clinical trials, and perhaps lower the number of patients to be included in clinical trials.  

Within the BIO-NMD project, partners have identified genetic modifiers that correlate with treatment 
response; in particular patients with high or low responsiveness to corticosteroid for DMD (SNPs) and 
cyclosporine A for COL6 patients (RNA profiling with up/down regulators). DMD carriers were investigated to 
discriminate symptomatic vs non-symptomatic females based on SNPs search on a candidate gene list 
developed by a novel MedScan bioinformatics tool. This tool was also utilized in many steps of the project, 
generally for gene prioritization or for pre-selection of top genes which may act as modulators on the 
dystrophinopathies or COL6 myopathies (see below). Whole transcriptional studies allowed us to identify 
several nuclear long non-coding RNA and to demonstrate that they play a role in regulating dystrophin 
transcript abundance in skeletal muscle. Dystrophin transcription regulation was finely dissected using a 
novel customized ChIP on chiparray used to study DNA-protein interactions within the muscle cellular 
context. This approach unraveled novel transcription start sites, novel promoters region and novel splicing 
co-transcriptionally regulated mechanisms. Defining the regulation of dystrophin transcript will be deeply 
helping the optimization of the novel molecular therapies now ongoing for dystrophinopathies. 

At the proteomic level the ideal biomarker has to be non/low-invasive; Therefore, research in BIO-NMD 
focused on the detection of muscle-derived proteins  in body-fluids (serum and plasma) of  DMD/COL6 
patients. Within NMDs we used for the first time proteomics methods to validate protein markers for muscle 
deterioration in body fluids such as serum and plasma. Rapid technological development in combination with 
the increasing availability of large repository of antibodies has empowered antibody-based proteomics 
methods. One of the immunoassay technologies that has benefited is the suspension bead array platform. 
This platform offers a fast method for simultaneous analysis of hundreds of proteins in body fluids requiring 
only microliter amounts of samples. Using antibodies from the Human Protein Atlas program in combination 
with the suspension bead array platforms biomarkers identified in the project have been validated and their 
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association with relevant clinical parameters was assessed. MedScan Software was used for gene 
prioritization and to identify top candidate biomarkers. This approach allowed us to identify a few proteins 
that correlate with some specific clinical features of DMD. These data will be further biologically validated in 
larger cohorts or different NMD before entering into clinical practice. Regarding other sophisticated 
techniques to detect serum proteiomic, as liquid chromatography coupled to an ion trap (LC-MS /MS) 
and an FTICRMS system , we detected a large variety of deregulated proteins. These have been prioritised 
based on function and on multiple evidences and a few of them have been explored using ELISA assay. 
 
Moreover, blood levels of candidate proteins biomarker have been linked to clinical parameters (age at loss 
of ambulation, disease severity). Three proteins implicated in inflammation, extracellular matrix degradation 
and tissue fibrosis were selected for validation with the more established ELISA method. We demonstrated 
that serum levels of MMP-9 were correlated to disease progression in DMD patients compared to healthy 
controls.   
 
Proteomic studies have been also performed in tissues/cells from both patients and murine models. In mice, 
relevant genes belonging to the autophagic and proinflammatory circuits have been demonstrated as 
markers of COL6 disorders. “D-DIGE studies on COL6 and DMD muscles revealed an interesting scenario of 
up/down regulated proteins that clarified the etiopathogenesis of muscle pathology especially on COL6 
myopathy. Many different proteomics screening pipelines have been therefore put in operation. These 
pipelines have delivered important candidates for further validation studies. Since the throughput of the 
screening pipelines is still relatively low and the quantification routines have limitations, confirmation and 
validation studies are important to extend the observation to larger patient cohorts. In a number of instances, 
biomarkers could be validated in larger cohorts. 
Bioinformatic tools have been also used (in addition to gene prioritization) to place the novel biomarkers on a 
specific cellular- biochemical context through the development of pathways that may be useful for potential 
therapeutic targets.  
 
European Medicine Agency (EMA) regulatory aspects regarding BMs qualification processes have also been 
considered: specific documents and guidelines have been studied, illustrated and disseminated to the 
Partners to highlight the criteria to consider in the prospective of a future qualification application. Formal and 
informal contacts with EMA Innovation Task Force have also been held. 
 
The BIO-NMD project was a three years project, and, as normally occurs, the major published achievement 
will be coming out in the next 2 years. To keep collaborations ongoing and to maximize the impact of our 
results three main actions will be taken: i) continuing collaborations via other projects both EU and from other 
funding agencies; ii) organizing a BIO-NMD workshop via the European NeuroMuscular Center (ENMC); iii) 
dialoguing via structured initiatives (briefing meetings, others) with EU authorities, especially EMA 
(Innovation Task Force), in order to disseminate results and to proceed in validating biomarkers, being 
therefore translated into clinical practice. This will be carried on in tight synergy with Industries, both those 
who have followed our project during these years and others that can be recruited via novel studies on other 
commoner diseases. Finally, the BIO-NMD network represents an excellence in Europe and might be 
therefore attractive for other non-EU collaborations that can reinforce the cooperative spirit of the EU 
research plans and strategies. 

 

3. Main S&T results/foregrounds  
 

3.1 Patients’ material organisation, circulation and managing of novel patients’ fluids 
collection  

 
WP1 has been responsible for ascertaining the availability of sufficient, high-quality, human biomaterials for 
the core research activities (genomics, transcriptomics, proteomics) of the BIO-NMD network. As work 
package leader, UNEW have identified and circulated a large number of samples relevant to the BIO-NMD 
project through close collaboration with partners and EuroBioBank.  
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The BIO-NMD partners agreed on the need to adhere to the same patient classification proposed by the 
clinical working group. 
 
A total of 35 muscle biopsies (30 dystrophinopathy and 5 COLVI cases) were identified in UNEW. UNIFE 
identified muscle samples from 8 dystrophinopathy cases and 10 COLVI cases. UCL identified muscle 
samples from 40 dystrophinopathy cases and 27 COLVI cases.  In terms of potential suitability for parallel 
studies, serum, plasma and DNA were found in 12 patients in UNEW and 17 patients in UNIFE. 
 
During the BIO-NMD progress meeting in Leiden (M12), it was clear that these were insufficient and not 
necessarily matched for age and site of biopsy to allow head to head comparison. 
 
Shortly after the Leiden meeting, UNEW contacted EuroBioBank partners (Telethon Italy biobanks) to 
determine how many DMD and BMD muscle biopsies could be made available for the BIO-NMD project. 
UNEW and UNIFE have collaborated closely for this task and have identified an additional 42 muscle 
biopsies. These biopsies were successfully exported and shared between UNIFE and UNIMI. 
 
In addition, a large number of DNA samples from Duchenne patients (UNEW 56 samples, INSERM 115 
samples, UCL 58 samples and UNIFE 62 samples) were identified and retrieved from local repositories for 
some of LUMC research work. 
 
By M24, UNEW had successfully collected serum, plasma and DNA from a total of 206 patients attending its 
local clinics over this period. The blood samples were stored in UNEW’s local BioBank. In addition, UNEW in 
collaboration with LUMC, have identified a longitudinal group of 11 DMD patients whose serum samples 
were taken at 3 different time points spaced by a year. UNEW has successfully collected further samples 
(4th time point) in 7 of these patients. UNEW will continue to see these patients locally and will ask for 
additional serum samples (5th and 6th time point). 
 
Sample exchange across BIO-NMD partners 

Over the first 24 months, LUMC received plasma and serum samples from a total 154 patients (UNEW 96 
patients and UCL 48 patients), which were utilized for its proteomic work. LUMC also received DNA from 291 
patients (UNEW 56, UCL 58, UNIFE 62 and INSERM 115), which were utilized for the validation of a novel 
genomic biomarker.   
 
Moreover, KTH successfully received plasma or serum samples from a total of 189 patients (UNEW 115, 
LUMC 46 patients and UNIFE 89 patients and UCL 41 patients). These samples have been used in the 
proteomic experimental work of KTH.  
 
In addition, UNEW transferred DNA samples from patients with extreme phenotypes to UNIFE (14 patients) 
and to UCL (4 patient).  
 
A total of 87 muscle biopsies (33 from UNEW, 12 from UCL and 42 from EuroBioBank partners) were sent to 
UNIFE and UNIMI. These samples were essential their transcriptomic and proteomic work. 
 
More recently, UNEW has transferred plasma and serum samples from a large DMD longitudinal cohort to 
LUMC and KTH and is in the process of transferring DNA samples from 98 DMD patients to UCL and UNIFE 
for the validation phase of genomic biomarkers. For the COLVI cohort, UNEW has transferred plasma and 
serum samples from 14 Bethlem and 2 Ullrich patients to LUMC, for the validation of proteomic biomarkers. 
In addition, urine samples from 10 DMD and 10 gender- matched controlled were exchanged with LUMC to 
be included in the discovery work of proteomic biomarkers. 
UNEW has also exported 33 muscle biopsies to UNIFE, who has in turn shared these with UNIMI for its 
proteomic experiments. UNIFE and UCL have also identified 12 COLVI muscle biopsies in their local archive 
for RNA studies. An additional 46 muscle biopsies have been identified through EuroBioBank and 
transferred to UNIFE and UNIMI for their transcriptomic and proteomic work respectively. 
 
During the Ferrara meeting (M24), BIO-NMD partners agreed that UNEW would coordinate plasma and 
serum sample collection at other centers (UCL, LUMC and UNIFE). 
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So far, LUMC successfully collected plasma and serum samples from 115 patients, UCL collected 62 
samples and UNIFE 89 samples.   
Comprehensive molecular and clinical data, including ambulation, steroid treatment, cardiac and respiratory 
functions were compiled for each patient. The same template for clinical data collection has been circulated 
across BIO-NMD partners to ensure consistency in data quality. UNEW has also shared most of its clinical 
data with WP6 (Bioinformatics) as an example of what should be included in the BIO-NMD database. 
 
 

3.2  Genomic biomarkers discovery by genome-wide analyses of DNA and RNA 
 
One important step concerning this WP is the validation of the specificity of possibly identified biomarkers as 
modifiers in DMD and COL6 myopathies. The possibly identified biomarkers will therefore be screened in 
unrelated myopathy: dysferlinopathies, caused by mutations in DYSF gene, causing a wide spectrum of 
phenotypes mainly distal Miyoshi myopathy and LGMD2B. 
 
Validation of the specificity of possibly identified biomarkers as modifiers in DMD and COL6 myopathies. 

- CNVs as possible specific modifiers in DMD and COL6 myopathies 
The initial objective was to consolidate CNV data obtained in DMD and COL6 patients looking for these CNV 
in patients with unrelated myopathies (dysferlin protein deficiency). 8 patient samples have been analysed by 
CGH array.  
We selected the NMD-CHIP WP2 design (for the analysis of genes known to be implicated in myopathies) 
instead of the initially planned whole-genome CNV approach to obtain sufficient resolution for the detection 
of CNVs of small size. Several CNVs were identified in these samples. Comparisons could not yet be carried 
out as the CNV data obtained for DMD and COL6 patients within the timeframe of this project did not identify 
CNVs as candidate biomarkers. 
 
- SNPs as possible specific modifiers in DMD and COL6 myopathies 
Another initial objective was to consolidate SNP data obtained in DMD and COL6 patients, looking for these 
SNPs in patients with unrelated myopathies (dysferlin protein deficiency).  
We performed whole exome sequencing (Agilent exome capture and Illumina sequencing) on 37 samples. 
All SNP data have been grouped into 2 lists: 
-  all SNPs identified in those samples 
- filtered data: all SNPs filtered through SNPdb and through the World Muscle Society Gene Table 
SNP data from these experiments are now available for future comparison of SNP data from patients with 
DMD and COL6 myopathies. 
 
Whole exome sequencing of DMD patients with varying severity  

In order to find candidate biomarkers for DMD, we performed whole exome sequencing in two groups of 
DMD patients. In the first group the disease severity was defined by the age of loss of ambulation in patients 
on steroid treatment. Patients who lost the ability to walk before the age of 8.5 years were considered as 
early loss of ambulation and patients with loss of ambulation after 12 years of age were considered as late 
loss of ambulation. 
In the second phenotype group the disease severity was defined as age at death. Genetic variants found in 
DMD patients with long survival (alive after the age of 28) were compared to variants in DMD patients with 
early death (before the age of 18) or cardiomyopathy before the age of 12 years.  
 
Age of loss of ambulation: DMD with early loss of ambulation and DMD with late loss of ambulation 

Five DNA samples from DMD patients that loss the ability to walk before the age of 8.5 and also 5 DNA 
samples from the patients with loss of ability to walk after the age of 12 years passed the initial quality 
control (non-degraded DNA with sufficient concentration) and were processed for sequencing.  
 
 
The identified variants (SNV) with the same genotype between the patients with early loss of ambulation and 
late loss of ambulation were filtered out and only the exonic non-synonymous SNVs found in 3 or more 
patients in each of these two groups were analysed. The preliminary analysis on gene ontology groups using 
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all genes with SNVs in at least 3 patients in the early loss of ambulation group showed statistical significance 
for genes involved in extracellular matrix organization (p=0.0000001), cell adhesion (0.000009) and calcium 
ion binding (p=0.0007). For the late loss of ambulation group statistical significance was reached for 
hemoglobin import (p=0.000001) and calcium ion binding GO (p=0.00007). These GO groups were also 
significantly enriched with genes caring a mutation annotated as damaging according to the PolyPhen-2 
score.  
 
DMD with long survival and DMD with early death or cardiomyopathy 

All available DNA samples from DMD patients with long survival (alive after the age of 28 years) and DMD 
patients with early death (before the age of 18 years) or cardiomyopathy were tested. Eleven DMD patients 
with long survival and 7 DMD patients with early death/cardiomyopathy passed quality control and were 
processed for sequencing.  
 
All variants with identical genotype between the DMD with long survival and DMD patients with early 
death/cardiomyopathy were filtered out. Only the non-synonymous variants found in 6 or more patients in the 
long survival group and in ≥3 patients in early death/cardiomyopathy group were selected. One additional 
SNP found in DMD patients with early death/cardiomyopathy were included for validation based on the 
GWAS catalog data..  The SNP was found to be in association with mortality among individuals of European 
ancestry with heart failure (Morrison AC et al.2010). The identified SNPs that passed the technical validation 
step, entered the biological validation in a larger cohort of DMD boys in order to confirm their possible role as 
biomarkers for DMD. 
 
mRNAseq in a Symptomatic DMD female Carrier:  

We analyzed a female clinically evaluated as a severely affected symptomatic DMD carrier.  
Carrier status was confirmed by evidence of mosaic pattern of dystrophin expression on muscle biopsy; 
nevertheless, extensive analysis by MLPA, sequencing, CGH-array and RNA profiling failed to identify any 
mutation within DMD gene. 
We performed Whole Exome Sequencing in order to identify genetic modifiers that could explain 
symptomatic phenotype in this female. 
Among the 902 SNPs retained after filtering, we selected nonsynonymous exonic variations located either in 
protein-coding genes (214) or ncRNAs (5) and variations in 5’ and 3’UTR regions (20).   
RNAseq was therefore used as validation technique: those SNPs identified by WES and resulted as present 
in the RNAseq output were considered as technically validated. 
We also evaluated the potential functional impact of all detected variants by matching them to experimentally 
known splicing regulatory elements as well as by discovering statistically significant correlations between the 
allelic variant and the splicing profile. 
By this method 29 SNPs identified by WES in the symptomatic DMD female carrier and confirmed in 
RNAseq were selected: 4 SNPs are located in ncRNAs (Table 3), 8 in 5’ and 3’ UTR regions (Table 4) and 
17 are nonsynonimous exonic variations in protein-coding genes. 
 
   
The selected variations are in course of genotyping in two cohorts of DMD carriers (16 symptomatic and 18 
asymptomatic); analysis is being performed by conventional techniques (PCR and capillary sequencing). 
The analysis has been completed in a first group of 18 carriers (9 symptomatic and 9 asymptomatic) for 
whom DNA or blood samples were available. 
 
For the remaining 16 carriers only muscle biopsy were available and in these cases the amount of DNA 
represented a limiting factor. DNA extraction from muscle biopsy samples has been performed in 11 carriers; 
WGA and SNPs genotyping are in progress. Muscle DNA extraction is in progress in the last group of 5 
carriers. 
The results obtained from SNPs genotyping in all carriers will be subjected to statistical analysis in order to 
identify variations able to discriminate between the two phenotypic groups of carriers or, alternatively, 
variations characteristic of DMD carriers, in respect to control females. 
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ncRNAs within the DMD gene: 

We identified 11 new ncRNAs (9 sense oriented and 2 antisense oriented), 6 of them validated through 
Northern blotting and fully characterized by RACE PCR and sequencing. 
To understand whether the ncRNA expression might be functionally associated with that of dystrophin, we 
compared the expression of ncRNAs and dystrophin isoforms in six different cell lines. Expression of the 
ncRNAs is several orders of magnitude higher in cells displaying good levels of full-length dystrophin 
isoforms than in the other cell lines, thereby suggesting that ncRNAs and dystrophin expression follow 
similar dynamics. 
The lncRNA expression resulted to be important for the transcriptional architecture of the DMD locus, since 
they regulate the dystrophin muscle and brain isoforms amount. We concluded that lncRNAs control muscle 
and brain dystrophin isoforms by down-modulating their transcription level. In addition we found an inverse 
correlation between ncRNA expression and Dystrophin expression existed thus supporting the model of a 
negative regulation of lncRNAs on specific muscle dystrophin transcripts. 
 
Deep sequencing of miRNA and expression profile of DMD and BMD patients under steroids and AONs 
treatment: 

MicroRNAs are small RNA molecules (~22 nt in size) that regulate gene expression at post-transcriptional 
level. Aberrant miRNA expression has been shown in different diseases such as cancer, heart disease and 
also in Duchenne muscular dystrophy, myocardial infarction and other myopathies indicating the potential 
role of miRNA as biomarkers. .  

We performed miRNA sequence and expression analysis in DMD patients, BMD patients and healthy 
controls of miRNAs extracted from muscle biopsies. We also carried out miRNAs sequencing in muscle 
biopsies from DMD patients before and after treatment with exon skipping oligonucleotides (AONs) and 
profiling the expression of muscle specific miRNAs in serum samples from in DMD, BMD, UCMD cases and 
healthy controls  
 
All cases were successfully sequenced and produced an average of 50 million reads and the data analyses 
are ongoing 
 
 
mRNAseq analysis in Col6 patients treated with CsA : 

We obtained muscle biopsies from three patients (one UCMD, a dominant BM and a recessive BM described 
in Merlini et al. PNAS 2008) before and after treatment with CsA (one month of oral CsA administration 
5mg/kg) and performed mRNAseq analysis. 
After the RNA-Seq reads were quality filtered and processed we used Cuffdiff to perform three pairwise 
comparisons of expression, splicing and promoter use between untreated and treated samples. 
By this approach we identified a mean of about 36,000 transcripts of which about 8400 were differentially 
expressed after treatment with CsA.  
The set of genes differentially expressed in each patient has been delivered to Ariadne (WP6) for the 
identification of pathways involved in the treatment response and candidate biomarkers. 
 
mRNAseq analysis in Col6 vs controls : 

We obtained muscle biopsies from three COL6 patients (one UCMD, a dominant BM and a recessive BM 
described in Merlini et al. PNAS 2008) and one control, and performed mRNAseq analysis on all of them. 
After the RNA-Seq reads were quality filtered and processed we used Cuffdiff to perform three pairwise 
comparisons of expression, splicing and promoter use between COL6 and control. 
By this approach the output data were then analyzed by Ariadne comparing COL6 patients with control 
allowing to drive the identification of many functional pathways and genes differentially expressed. Intriguing 
link with circadian rhythm genes have also been confirmed in mouse. We validated three out of four 
transcripts on other COL6 patients’ biopsies (5 UCMD and 3 BM) and on other muscular pathologies (1 
Dysferlin, 3 CAPN3, 2 myofibrillar) to confirm the circadian gene’s differential expression and to check if they 
might be involved even in other muscular dystrophies.  
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Targeted resequencing and RNAseq analyses in DMD patients treated with steroids and different response 

With concern to DMD patients with different response to corticosteroids, we collected 10 biopsies obtained 
from UNEW, UCL and UNIFE (5 patients with low response and 5 patients with high response to steroids).  
An mRNAseq experiment has been recently performed in two patients with low response to steroids and four 
patients with high response to steroids and data analysis is ongoing; discriminant analysis (DA) is used to 
determine which variables discriminate between two (or more) naturally occurring groups. 
In order to consolidate the data obtained, UNIFE collected five more DNA of low responders DMD patients 
(UNEW) and at least 20 DNAs from BMD, DMD with mental retardation, UCMD and BM, Cystic Fibrosis and 
Beta Thalassemia patients each to be further sequenced on SOLiD. These DNA (a total of novel 86 
samples) are currently under processing on SOLiD to technically consolidate the 34 SNPs already identified. 
1628 genes were found, more or less differentially expressed in high steroid responders vs low responders. 
We’ve compared this list with top 431 consistent genes from meta-analysis of several publicly available 
datasets, differentially expressed in DMD comparing to control normal patients. Overall, 39 intersected 
genes were found. Those genes, that have differently directed expression changes in DMD vs normal 
tissues and high vs low steroid responders, can be considered as promising candidates for being biomarkers 
of steroid response. 
Targeted Resequencing of the Ariadne candidate genes identified 34 SNPs in 24 different genes significantly 
different in the two groups of patients and possibly explaining the different response to the steroid 
administration. 
SNPs will be further validated on the entire BIO-NMD consortium DNA repository (about 500 DNAs) for 
confirming their biological meaning as pharmacogenetic biomarkers predicting the steroid response in DMD. 
 
DMD patients’ myoblasts treated with AON and steroids:  

In order to evaluate the influence of the glucocorticoid alpha-methyl prednisolone (PDN) on AONs treatment 
response, we intend to use a cell-based assay with differentiated human myotubes, derived from DMD 
patients' biopsies. We will compare specific exon skipping efficiency in cell cultures treated/not-treated with 
PDN. We were also able to demonstrate that PDN positively influence exon skipping in treated cells, 
supporting a synergic effect on therapy. 
We analysed by means of a new design of Fluidic card able to detect the DMD isoforms and the lncRNAs 
identified in the DMD gene (reported in Bovolenta et al. Plos ONE 2012) myoblasts from patients eligible for 
the treatment with AONs able to skip exon 51 in order to find a correlation between the expression of the 
ncRNAs and the restoration of the DMD gene reading frame. 
We explored all transcripts originating from the DMD locus, including the lncRNAs identified by our array as 
well as the whole exome of the dystrophin gene and used the FluiDMD-RNA cards to detect reciprocal 
variations of dystrophin transcript (exome) and ncRNAs levels in four DMD patients before and after 
antisense oligonucleotides treatment.  
We demonstrated that AON treatment rescue the physiological level on lncRNAs in cells, suggesting their 
role a transcriptomic biomarkers for AON therapy. 
 
Candidate genes capturing system design:  

Two alternative workflows for SNP and CNV detection in enriched exons (targets) were developed  and used 
on the 5500xl SOLiDTM Sequencer and the Ion PGMTM Sequencer (Life Technologies) for Next Generation 
Sequencing . For the SOLiDTM System we used a probe capture bases enrichment of a total target of 
approximately 580kb . For the Ion PGMTM Sequencer we used a multiplex PCR based enrichment of 
approximately 150 regions to validate variants from WES. The significant reduction of target size (compared 
to Whole Genome and even Whole Exome sequencing) leads to a drastically increased sequencing depth of 
the target regions enabling higher variant calling and CNV accuracy. Further advantages are the option to 
multiplex using sample barcoding and reduction of sequencing cost.  
 
FluiDMD cards 

We specifically designed this platform to simultaneously detect del/dup mutations affecting the exon 
composition/sequence (small mutations, any types) as well as expression of the DMD gene isoforms. 
The FluiDMD was also found to be able to detect the decay of the DMD gene transcript induced by frame-
shifting and/or stop mutations 
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This suggests that the array could be useful as a very accurate technique for large-scale molecular diagnosis 
of DMD. For these reasons, we propose that FluiDMD could be used as a first-step screening method in the 
diagnostic procedure for DMD, if RNA is available, to be followed by MLPA and sequencing. 
 
Developing tools (ChIp-on-chip) for defining the transcription dynamics of the DMD locus aiming at 
identifying cis and trans elements crucial to dystrophin transcription and splicing regulation 

One intriguing aspect regarding the transcription of the DMD locus is that due to the gene size, RNA 
polymerase It takes about sixteen hours to complete synthesis of the primary transcript. How the polymerase 
can accomplish such a tremendous task is still completely unknown. 
The complexity of the DMD locus is further increased by recent observations that the dystrophin region may 
also encode for a large number of long non-coding RNA whose function is still to be determined. 
We have approached these questions starting from a relatively simple issue: how is RNApol II distributed 
along the DMD locus and particularly which functional forms of polymerase are associated with the locus? 
Our results suggest that some introns are marked by histone modifications typical of regulatory cis elements.  
We also concluded that these regions can exert a double and opposite activities on DMDs promoters: they 
repress the DMD brain promoter while activate DMD muscle promoter. These data strongly suggest that the 
identified regions may play a strategic role during the differentiation process activating the DMDm promoter 
and inhibiting all the others. 
 
Developing novel low-invasive methods alternative to muscle biopsies in collagen VI myopathies and 
dystrophinopathies  

Collagen VI expressing cells . Skeletal muscle biopsy is a choice method to monitor disease progression 
and the effects of treatments; however, it is an invasive and painful method and requires surgical expertise. 
Cultured fibroblasts are not useful for functional studies since they do not display the characteristic 
mitochondria alterations 
We evaluated the ability of hair follicle (HFc), adipose tissue (ATc) and circulating blood monocytes (MOMC) 
obtained from healthy subjects to proliferate, to be expanded and to synthesize collagen VI. By 
immunofluorescence analysis we found that all cell cultures synthesized and secreted collagen VI classical 
chains (alpha1-2-3 form); the alpha6 chain was only detected in cultures of HBc while the alpha5 chain was 
absent in all cell cultures.  
These data have been recently published (Gualandi, Muscle and Nerve 2011). 
We also studied melanocytes from a UCMD patient carrying a homozygous mutation in COL6A2 gene. Our 
data indicate that melanocytes represent a promising cellular model to be used as biomarker for monitoring 
collagen VI related myopathies. 
 
Characterization of novel collagen VI expression in human skin and muscle 

Our study suggests that epidermal dystrophin acts in stabilizing melanocytes adhesion to the BM and that 
this function is impaired in DMD patients. Considering that melanocytes cultures can be easily obtained by 
conventional skin biopsies, they may represent a feasible and reliable cellular model for studying and 
monitoring dystrophinopathies. 
We explored the mitochondrial phenotype in melanocytes of two DMD patients. By ultrastructural analysis, 
DMD melanocytes displayed morphological alterations of mitochondria which are very similar to that 
detected in mitochondria of muscle cells of the same patient.  
 
 

3.3 Proteomic biomarkers discovery by studies on patient cells, muscle tissues and 
body fluids 

 
In search of proteomic biomarkers, we followed a number of different parallel and mainly complementary 
strategies, maximizing our potential for protein biomarker discovery. 
 
Proteomics analysis of muscle biopsies focused on the identification of the different molecular pathways 
affected in muscular dystrophies. 2D-DIGE (two dimensional differential gel electrophoresis) followed by MS-
based identification of differentially expressed proteins was the preferred method applied in this analysis. We 
studied the differences between patients with severe and mild phenotypes (DMD vs BMD) to better 
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understand the complex pathophysiology and to define potential pharmacological targets and new 
biomarkers that may reflect the response to therapy. The latter is specifically relevant since the exon 
skipping therapy is at the most advanced stage of clinical trials and will potentially turn the Duchenne 
phenotype into the milder Becker phenotype. Proteins with significant differences between DMD and BMD 
muscles were classified into 5 major categories: muscle contraction, muscle development, cytoskeletal 
rearrangement, metabolism, stress response and transport. Importantly, fibrinogen gamma was increased, 
suggesting a relationship between fibrinogen and increased fibrosis in DMD patients. Fibrinogen, in fact, is a 
soluble acute phase protein, which is released into the blood in response to stress. Apart from its key role in 
controlling blood loss following vascular injury, fibrinogen is also present at sites of inflammation and can 
increase the vascular permeability where it is immobilized and/or converted to fibrin. Fibrinogen was also 
identified in the serum-based studies mentioned below. 
We further compared the muscle proteome of ambulant and non-ambulant DMD patients. There was 
considerable overlap between this and the previous, suggesting that biomarkers found in the DMD vs BMD 
comparison are indeed biomarkers for disease progression. 
Another study evaluated the difference between DMD patients with and without steroid treatment. Results 
suggest that steroid treatment mitigates the inflammatory response and contributes to the maintenance of 
muscle mass in non-ambulant subjects, but does not mitigate metabolic defects. 
 
Despite its highly useful insights into the diversity of molecular mechanisms underlying muscular dystrophies, 
less invasive methods for biomarker detection would be preferred. In a number of studies, the serum 
proteome was studied as an alternative source for biomarker discovery. Proteomics on serum samples is 
challenging given the extremely large dynamic range of protein concentrations and the fact that the most 
interesting peptides are proteins are likely the medium to low abundant ones. Prefractionation of the serum 
proteome is therefore essential. We followed several alternative strategies: 
 
a) ClinProt 
Prefractionation was performed with magnetic beads with different physicochemical properties. Protein 
profiles were subsequently analyzed by MALDI TOF/TOF. The top 15 most discriminant peaks between 
DMD and controls were either fibrinopeptides or fibrinogen fragments also found in the muscle, suggesting 
that muscle-related pathophysiology could be seen in the blood.. 
 
b) Protein equalization followed by LC-ESI MS and ETD/CID protein identification 
Bio-Rad’s Proteominer kit was used to deplete highly abundant proteins. Further fractionation steps, 
including 1D SDS-PAGE followed by in-gel digestion with trypsin were applied. The digests were then 
analyzed by means of LC-ESI-MS/MS using complimentary ETD and CID methods of peptide fragmentation. 
Fibronectin stood out as a potential biomarker monitoring fibrosis in DMD. This biomarker was subsequently 
validated using ELISA and showed progressive elevation during disease progression. 
 
c) 2D HPLC-LC-MALDI MS 
Another approach towards protein identification was carried out by 2D orthogonal fractionation of serum 
peptides and proteins by HPLC. Weak anion exchange (WAX) fractions were separated off-line, followed by 
reversed phase fractionation prior to enzymatic digestion and LC-MALDI-MS/MS. Pools of serum from 
ambulant and non-ambulant DMD patients, and healthy controls (both children and adults) were analysed 
with this method. In this study we could identify 278 proteins coming from 30102 peptides. After exclusion of 
likely contaminants and common blood protein we selected discriminative biomarker panels based on 
quantitative fold-changes between DMD samples and controls.  
We conclude that pre-fractionation is essential for biomarker identification in the serum, but that even the 
extensive pre-fractionation schemes applied here are not sufficient and that more targeted approaches such 
as Multiple Reaction Monitoring (MRM) may be required for future diagnostic use.  
 
Nevertheless, all approaches applied yielded relevant lists of candidate protein biomarkers for disease 
progression and response to therapy. These biomarkers have been further prioritized using the methods 
described in WP6 and are currently being evaluated in larger patient cohorts and longitudinal studies. 
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3.4 Exploratory biomarkers validation in humans 
 
The workpackage 4 focused on the validation of candidate biomarkers discovered in WP2 and WP3 at the 
DNA, RNA and protein level. 
 
A) DNA biomarkers 
One of the major tasks within BIO-NMD was the identification and validation of genomic variants able to 
modify disease progression or response to treatment. We validated a previously described genetic modifier 
of DMD (SNP rs28357094 in the SPP1 gene) in 363 DMD patients from five different cohorts, with age of 
loss of ambulation as a read-out for disease severity. Surprisingly the T allele, which is associated with 
delayed loss of ambulation in the literature, showed a trend towards earlier loss of ambulation in our study. 
This trend was significant in one of the cohorts. Corticosteroid treatment appeared to delay the loss of 
ambulation by approximately two years. Significant differences in steroid treatment regimens may be partly 
responsible for the observed differences between genetic associations in different patient cohorts.  
Eighty-four (84) potentially disease modifying SNPs identified by WP2 entered the validation phase.  
The SNPs included were identified in the female DMD-like WES study (see WP2) and in the study comparing 
DMD patients with early and late loss of ambulation. We observed only one significant association using the 
recessive model when corticosteroid use was considered in the analysis. We conclude that more patient 
DNAs are needed to obtain sufficient power for detection of disease modifiers and that more refined clinical 
parameters should be included in genetic association analysis in rare (neuromuscular) diseases. 
 
B) RNA biomarkers 
We have worked on the identification of new diagnostic biomarkers for DMD. The newly developed Flui-DMD 
assay is able to identify almost all out-of-frame mutations in the DMD gene at the RNA level using the 
observation that the decay rate of the DMD transcript accelerates after the mutation site.  
We further focused on the validation of previously published muscle-specific miRNA biomarkers in the 
serum.  
A significant increase in the level of two of the analysed miRs was seen in the serum of DMD and BMD 
patients compared to healthy controls, One of the significantly increased miR showed also statistical 
significance when its level was compared in non-ambulant and ambulant DMD patients (p=0.005) suggesting 
that the miR may represent a valuable biomarker for DMD disease progression. More in-depth analysis are 
ongoing. Moreover, serum miRNA levels have been measured in clinical trial protocols with dystrophin 
restoration therapies. 
 
 
C) protein biomarkers 
ELISA was used to validate single protein biomarkers in the serum and plasma of large cohorts of DMD, 
BMD and COLVI patients.  
TIMP-1, MMP-9 and FN demonstrated consistently higher levels in DMD and BMD patients over controls. Of 
these, MMP-9 is the most promising biomarker for disease progression based on analysis of more than 300 
independent patients and longitudinal analysis (with one year time intervals) in two well characterized DMD 
patients cohorts. Serum MMP-9 levels were also elevated in patients with Bethlem and Ulrich myopathy 
compared to controls. However, the raise in the MMP-9 levels was less pronounced than for DMD/BMD. Still, 
the usefulness of MMP-9 as biomarker for muscular dystrophies other than DMD should be carefully 
considered. 
The antibody suspension bead array is the preferred high-throughput platform for protein biomarker 
validation in plasma or serum samples. This platform was used to screen >300 candidate protein biomarkers 
identified based on the meta-analysis (WP6) of high-throughput data from multiple studies performed in WP2 
and WP3.  
Given inter-cohort differences, data were first analyzed within cohorts. Subsequently, proteins identified in 
multiple independent comparisons were regarded as most promising biomarkers for DMD and BMD 
respectively. Among the most significant protein markers we identified proteins associated with muscle 
function, indicating that muscle proteins are leaking from skeletal or cardiac muscle due to sarcolemmal. This 
opens the possibility of using blood as an indicator for muscle wasting and disease progression. Three 
mitochondrial proteins are novel protein biomarkers that have not been previously reported to be associated 
with NMD. Three mitochondrial proteins have also been identified to be associated with DMD and BMD. The 
abundance of these markers is higher in DMD than in BMD and lower in control serum or plasma in 
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comparison to BMD. Further validation of these proteins as biomarkers for disease progression and their 
association with disease phenotypes needs to be performed in longitudinal studies and additional patient 
samples. 
 
 

3.5  Biomarkers discovery and validation on animal models 
 
The WP5 activities concentrated on studies aimed at obtaining novel information on the pathogenic routes 
and the pathophysiological mechanisms leading to the dystrophic phenotype, with the aim of identifying new 
candidate biomarkers to be translated in patients. Based on the known data about the structural and 
functional defects of COL6 diseases and DMD, WP5 carried a number of experiments in Col6a1 null and 
mdx mice in order to explore novel hypotheses on the cellular and molecular mechanisms underlying muscle 
pathology. These experiments brought to the discovery of new pathway involved muscle pathogenesis, and 
most efforts were spent on the thorough analysis and understanding of such pathways. The work carried out 
by WP5 partners identified key molecules that are deregulated in these models for MDs and disclosed novel 
targets for therapy, also suggesting possible treatments acting specifically on these molecules. Moreover, 
the studies performed by WP5 also disclosed some biomarkers that are sensitive to pharmacological 
treatments. 
The studies carried out by WP5 analysed the muscles of the animal models at the molecular and cellular 
levels, in physiological conditions and after diverse treatments, using drugs or challenging the mice with 
different stresses. Whole muscles were dissected from the mice, but also myofibers and primary muscle cell 
cultures were obtained from the mutant mice. Molecular studies were made at the RNA (RT-PCR, RNA seq) 
and protein (western blot, proteomic analyses, immunohistochemistry) levels. The results obtained by the 
different –omic approaches were then analysed in order to evaluate the role of each putative biomarker by 
specific programs developed within the project (Medscan-NMD and Pathway Studio-NMD). 
 
1. Oxidative stress. Studies in Col6a1 null and mdx mice revealed that MAO-dependent ROS 
accumulation is a major determinant of myofiber damage and that MAO inhibition is beneficial for dystrophic 
skeletal muscle. In addition, the observation of myofibrillar protein damage due to oxidative stress in MDs 
represents the basis for the development of new diagnostic tools based on the determination of protein 
oxidation.  
 
2. The autophagic pathway. The study of autophagic machinery in Col6a1 null mice and in BM and 
UCMD patients revealed that collagen VI deficient muscles have impaired autophagic flux, characterized by 
decreased LC3 lipidation, lower induction of Beclin 1 and Bnip3, and lack of autophagosomes both in 
physiological conditions and after starvation. Forced reactivation of autophagy by either nutritional or 
pharmacological approaches is able to restore myofiber survival and ameliorates the dystrophic phenotype 
of Col6a1 null animals. These data provide the first demonstration that impaired autophagy plays a pivotal 
role in the pathogenesis of some forms of MDs. These findings strongly support a novel view, which paves 
the way for investigating autophagic defects in other MDs. Col6a1 knockout animals were also subjected to 
physical exercise on running wheels and treadmill. Further studies were carried out to evaluate the effects of 
drugs (such as spermidine and statins) on the autophagic machinery and on the phenotype. Based on the 
findings obtained on Col6a1 null mice. WP5 also extended the study of the autophagy process to the mdx 
mouse model, which revealed defective autophagy in glycolytic muscles of dystrophin-deficient mice, thus 
indicating that defects of the autophagic pathway are common to different MDs.  
 
3. Muscle regeneration and stem cells. A number of studies were undertaken in WP5, aimed at 
investigating the regenerative potential of muscles in Col6a1 null mice, both in normal conditions and in 
response to injury. The results indicate that collagen VI plays a critical role in regulating satellite cell 
homeostasis and muscle stiffness, and that lack of collagen VI causes defective regeneration in response to 
injury.  
 
4. In vitro studies on fibroblasts. Although fibroblasts are known to be the major producer of collagen 
VI, their phenotype in Col6a1 knockout mice was never investigated in detail before. Studies carried out by 
WP5 showed that Col6a1 null fibroblasts display spontaneous apoptosis and that this defect is rescued when 
cells are cultured onto purified collagen VI, but not on control extracellular matrix substrates. Moreover, 
mitochondria are more prone to fragmentation in Col6a1 null fibroblasts, which also display a remarkable 
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sensitivity to oxidative stress. These findings indicate that collagen VI deficient fibroblasts display peculiar 
phenotypic alterations and that they are valuable for identifying non-invasive biomarkers that may be 
translated and validated in patients. 
 
5. Antisense oligonucleotide treatments in mdx mice. Studies carried out by WP5 showed that 
treatment of mdx mice with antisense oligonucleotides in conjunction with prednisone, a glucorticoid drug 
already used in patients, can ameliorate the phenotype. The positive effects of this treatment are observed 
when dystrophin levels are measured by western blotting or when transcripts of different genes associated 
with the phenotype are measured. In particular, genes involved in fibrosis and regeneration can be 
normalized by the treatment. The effect is not seen in all muscles, being less evident (but nonetheless 
detectable) in the most affected ones. These genes are good candidates as biomarkers for assessing the 
effects of therapeutic intervention. 
 
6. Proteomic studies on Col6a1 knockout mice in physiological conditions and after cyclosporin A 
treament. The proteomic profile studies were focused on the COL6 deficient mice, as the mdx mice were 
already extensively studied and many papers are publicly available [e.g., PMID: 16835851, PMID: 
20471957, PMID: 22130847, PMID: 22614334]. In agreement with previous phenotypic studies, the 
proteomic analysis carried out by UNIMI unit in wild-type vs Col6a1 null mice indicates that diaphragm is the 
most affected muscle, followed by tibialis anterior and gastrocnemius. In general, when considering 
functional groups of proteins, gastrocnemius and tibialis anterior seem to have more concordant changes. 
For example, enzymes associated with metabolic processes (TCA cycle, respiratory chain and ATP 
synthesis) appear to be upregulated in these muscles, while they are decreased in diaphragm. Another 
interesting observation is the reduced efficiency of glycolysis, a common feature detected in all three 
muscles. Most of the protein data have been validated with immunotechniques. The results obtained in 
cyclosporin A-treated mice show that the effects of cyclosporin A are more prominent in gastrocnemius and 
tibialis anterior compared to diaphragm. Concerning functional classes, in gastrocnemius the larger 
normalized group of proteins includes the structural and contractile proteins, followed by glycolytic and 
oxidative metabolism and a complete recovery of energy balance. In tibialis anterior, the intermediately 
affected muscle, few proteins from each functional class are normalized, suggesting a partial recovery of 
muscle function, metabolism and stress response. In diaphragm, over 190 spots were changed by 
cyclosporin A treatment but only few proteins were normalized, suggesting the inability of the treatment, 
under this dose and regimen of administration, to produce significant recovery of the diaphragm proteome 
correlated with muscle function. 
 
7. Transcriptomic analyses on Col6a1 null mice in basal condition and after cyclosporin A 
administration. To better understand the molecular consequences caused by lack of collagen VI, we carried 
also studies on whole gene expression of wild-type and Col6a1 null mice in physiological condition and after 
treatment with cyclosporin A. Systematic comparison of muscle transcriptome by expression profiles 
provided new information about how gene expression eventually translates into the specific phenotypes 
displayed by the COL6 animal model. Analysis of total RNA extracted from tibialis anterior, diaphragm and 
gastrocnemius muscle tissues of wild-type and Col6a1 null mice and subjected to Whole Mouse Genome 
expression microarray (Agilent) allowed to identify a total of 3060 genes with a fold change of ≥3.0. 2381 
genes changed between wild-type and Col6a1 null tibialis anterior, 884 genes resulted differentially 
expressed between wild-type and Col6a1 null diaphragm, and only 420 genes changed between wild-type 
and Col6a1 null gastrocnemius. The transcriptomic analysis and the consequent pathway scan mapping 
showed that genes encoding for clock proteins are differently expressed between Col6a1 null and wild type 
mice. These genes are known to be involved in response to injury and aging in skeletal and cardiac muscles 
but they were never been associated before to inherited muscle diseases. 
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3.6  Bioinformatics tools for identifying functional pathways, potential targets and data 
outflow integration 

 
3.6.1 Design of a friendly database and data compilation 

We combined data from various projects including databases developed in the FP6 TREAT-NMD Project 
(Translational Research in Europe - Assessment and Treatment of Neuromuscular Diseases) and the FP7 
NMD-CHIP Project (Development of targeted DNA-Chips for High Throughput Diagnosis of Neuro Muscular 
Disorders) as well as data from various Locus Specific DataBases using the UMD reference software (UMD-
LSDBs). We created the BIO-NMD database using the 4th Dimension Relational Database Management 
System (RDMS), accessible directly from the Internet using a secured transfer protocol (https) as well as 
logins and passwords. 
 

3.6.2 Design and use of a high throughput process to anal yse genomic data  
We developed a new system called UMD-HTS (UMD High Throughput Sequencing) that can handle the 
large sets of data generated by NGS and perform pathogenicity predictions for each SNP (Single Nucleotide 
Polymorphism). This tool will be used both by BIO-NMD partners and will also be made available to partners 
from the NMD-CHIP EU project. In order to perform predictions using the UMD-Predictor algorithm, data 
were collected at various levels including conservation, physicochemical properties and impact on splicing 
signals. This led to a total of 3,957,224,568 annotations. Various technical solutions were evaluated in order 
to design the most efficient solution (database structure, parallel computing…). The final solution contains 24 
satellite databases (one per chromosome) and a central system known as the UMD-HTS system. In addition, 
the UMD-HTS® system is one of the first systems able to predict the potential activation of cryptic 
acceptor/donor splice sites by deep intronic mutations (69 out of 1189 deep intronic mutations). 
 

3.6.3 In silico identification and validation of biomarkers from N MD-related 
pathways analysis  

ARIADNE created a knowledge-rich environment dedicated to the search of NMD-related genes (BIO-NMD 
knowledgebase). ARIADNE used a customized version of MedScan® (BIO-NMD MedScan cartridge), its 
proprietary text mining tool, to automatically extract molecular interactions from public scientific literature 
sources. Additional manually curated contents, as NMD-model pathways and experimental data analysis, 
were also included in the BIO-NMD knowledgebase. ARIADNE scientists built model pathways related to 
NMD diseases and performed meta-analysis of microarray GEO datasets. 
ARIADNE MedScan® technology was customized to build a literature-derived biological knowledge base 
focusing on neuromuscular diseases. 70 concepts and 600 Aliases/Terms related to neuromuscular 
diseases have been added for improving extraction capability of relevant information related to NMD. All 
PubMed abstracts as well as all free full text articles as of May 2010 were extracted using the custom 
MedScan NMD cartridge to populate the Bio-NMD knowledgebase with >1.6M relationships between 
different entity types (proteins, genes, diseases, cell processes, small molecules, etc). Among them, a total 
of 887 entities were identified as being of interest for neuromuscular diseases and 387,212 relations 
involving these entities were extracted. 
The BIO-NMD knowledgebase prototype is composed of 3 major sources of information: biological 
relationships extracted by the MedScan-NMD prototype and supported by literature, hand-curated model 
pathways for NMD diseases built by ARIADNE scientists, experimental datasets and biomarker candidate 
lists from public or partners’ sources. 
One critical constituent of the analysis workflow for biomarker discovery is the Sub-network enrichment 
analysis (SNEA) developed by Ariadne and integrated to Pathway Studio®. SNEA is a very powerful 
algorithm for functional analysis of high-throughput data on the level of potential regulators. This tool is a 
variation of the Gene Set Enrichment Analysis (GSEA) algorithm. Unlike conventional GSEA which uses 
predefined collection of gene sets, SNEA uses the entire literature-extracted global protein-protein 
expression network - here from the Bio-NMD knowledgebase - to generate a comprehensive collection of 
gene sets, each representing immediate downstream expression targets of each individual protein (“seed”) in 
the global expression network. The central idea of SNEA approach is that if the downstream expression 
targets of the “seed” protein are enriched with differentially expressed genes then the “seed” protein is one of 
the key regulators of the differential expression profile. The SNEA is also of high value for considering 
experimental data when building mechanistic model pathways.  
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3.6.4 Conclusion  

 
• The UMD-HTS system to analyse data from NGS platforms has been developed. It is the first of its kind 

as it can from full exome or transcriptome sequencing experiments:  
- Name mutations using the HGVS international nomenclature system;   
- Search for potential misalignment using BLAT;  
- Search for variation description including variation frequency in dbSNP;  
- Perform pathogenicity prediction using UMD-Predictor algorithm and  
- Predict the potential impact on splice sites of exonic and intronic mutations.  

• The BIO-NMD database prototype has been developed. It includes all relevant information for the BIO-
NMD project identified by all partners. It is a relational database, developed with the 4th Dimension 
Relational Database Management System (RDMS) designed to be accessible directly from the Internet 
using a secured transfer protocol (https) as well as logins and passwords.  

• Major developments have led to the release of the Bio-NMD knowledgebase, which is constituted of 3 
major sources of information: biological relationships extracted by the MedScan-NMD prototype and 
supported by literature; hand-curated model pathways for NMD diseases built by Ariadne’s scientists; 
and experimental datasets and biomarker candidate lists from public or partners’ sources. The Bio-NMD 
knowledgebase is fully integrated with the existing software architecture developed by Ariadne called 
Pathway Studio®. It is an open-platform designed to continually integrate additional contents and to 
import data generated by partners including output data from the other bioinformatics resources (UMD-
HTS, BIO-NMD database). The integrative platform, especially the knowledge-rich environment 
developed by ARIADNE helps to capture neuromuscular disease mechanisms and facilitates 
translational research activities for the identification, prioritization and validation of the different types of 
candidate biomarkers from disease diagnostic biomarkers to treatment efficacy biomarkers for 
personalized medicine. 

 
 

3.7 Biomarkers regulation and qualification at the EMEA 
 
The major objectives of WP7 were:  

1) Monitoring the data that the different partners produced during the project regarding new BMs, in 
order to guide them in the knowledge of EMA rules and guidelines in the prospective of a future BMs 
qualification procedure 

2) Contacts with the regulatory agency (mails, calls, Teleconferences) in order to apply for a Briefing 
Meeting or Qualification Procedures regarding some newly identified and validated BMs in the 
context of the Consortium. 

UNIROMA, during the course of the project, particularly after the first year, has continuously followed and 
monitored the data that all partners of the BIO-NMD project have presented in the various consortium 
meetings, addressing the partners in the understanding of EMA guidelines about data collecting and about 
procedures for the possible future submission of these results, for consequent eventual request of an EMA 
Briefing Meeting or Scientific Advice or for a future biomarker qualification application. 
 
In particular, the most important criteria to consider have been highlighted about regulatory aspects, 
explaining: 
1- how EMA gives recommendations on the types of data that might support qualification, on standard 
methods for their collection;   2- how EMA recommended format for submission of data to regulatory 
authorities;  3- the criteria already adopted by EMA for this kind of qualification opinion. 

At this aim the role of WP7 has been to study, explain and disseminate to the Partners the EMA regulatory 
Guidelines and documents or EMA Concept Papers related to BMs qualification, with particular regards to 
Genomic BMs (GBM). In particular the criteria has been illustrated and highlighted, important to consider for 
some of the BIO-NMD partners who are working on Genomic BMs also related to Drug response. 
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UNIROMA, in order to circulate this information, and also with the collaboration of UNEW, has also uploaded 
in BIO-NMD intranet website (https://intranet.treat-nmd.eu) all these EMA Documents.  
Following, the Titles of the principal EMA Documents and Guidelines on BMs, that WP7 has explained and 
disseminated to the BIO-NMD Partners: 

1) EMA ICH15 guideline: Definitions for genomic biomarkers, pharmacogenomics, pharmacogenetics, 
genomic data and sample coding categories. 

2) ICH guideline E16: Genomic biomarkers related to drug response: context, structure and format of 
qualification submissions. 

3) Guiding principles Processing Joint FDA EMA Voluntary Genomic Data Submissions. 

4) Qualification Opinion of Alzheimer’s Disease Novel Methodologies/biomarkers. 

5) Reflection paper on co-development of PGx BM and assay in the context of drug development. 

6) Reflection paper on methodological issues associated with pharmacogenomic biomarkers in relation to 
clinical development and patient selection. 

7) Reflection paper on pharmacogenomic samples, testing and data handling. 

8) Overview of Comments Received on Draft Guidance Document on Qualification of BMs. 

9) Guideline on the use of pharmacogenetic methodologies in the pharmacokinetic evaluation of medicinal 
products. 

10) EMA Briefing meeting request to Innovation Task Force. 

11) Mandate of the EMEA Innovation Task Force (ITF). 
 
Different issues have been faced regarding Biomarker regulatory aspects and have been discussed with 
other BIO-NMD partners both at the BIO-NMD meetings, both by informal contacts with interested partners 
or by Teleconferences. In fact, after having illustrated the different EMA guidelines regarding these aspects, 
different issues have been faced on the possible impact or implications for the BIO-NMD consortium and 
NMDs.  
 
During the seven last months,  in light of the progress of the different partners work on the new BMs 
identification and validation, and in light of the illustration of some interesting preliminary results on some 
prognostic and/or pharmacogenomics BMs (both genomics or proteomics ones), UNIROMA has illustrated 
and explained the possibility to ask a “Briefing Meeting” to EMA “Innovation Task Force” to illustrate these 
preliminary results and to have an informal discussion and data sharing in order to discuss the further steps 
to a possible future Qualification Process of some of these BMs. In fact, UNIROMA has explained that the 
objective of these Briefing Meetings is to facilitate an informal process of sharing scientific and technical 
information between applicants and regulators, to allow in an informal setting scientific and regulatory issues 
that arise by the inclusion of new BMs/methodologies, in the development strategy and to assess their 
potential implications in the regulatory processes. 
 
A discussion on these issues has been developed among different partners also at the Stockholm (MAY 
2012) and Rome (November 2012) BIO-NMD meetings. UNIROMA has also advised other Partners that this 
kind of meeting could be the right one for the kind of work carried out by the Consortium and that these 
Briefing meetings can be asked to “Innovation Task Force” (ITF) before to ask for a “Formal” Scientific 
Advice to the CHMP Scientific Advice working party. 
 
It has been discussed that it would be important to have this kind of meeting with ITF also in order to discuss 
with them the problem arising by the fact that current EMA documents and guidelines regarding gBMs are 
often focused on large population studies for multifactorial diseases and it would be very important to 
consider the different case of Prognostic or Pharmacogenomics gBMs in the field of rare diseases like NMDs 
studied by the consortium. 
 
UNIROMA has studied the EMA “Standard Operating Procedures” to ask the organization of a Briefing 
meeting and has then started the informal and formal Contacts with EMA Innovation Task Force Secretariat 
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and Members. On 25th of October a TeleConference has been held regarding this Issue (see also 
deliverable D7.4) with 3 of these EMA ITF Members. 
Then, in the final BIO-NMD meeting in Rome, WP7 Leader has illustrated the results of this Teleconference. 
After an important discussion about this possibility of a Briefing Meeting with EMA as a Consortium, 
UNIROMA have sent to the Partners at the end of November 2012 a Questionnaire in order to clarify their 
interest and to ask them the principle BMs they think should be presented. 
 
Finally, UNIROMA has participated to the preparation of a Manuscript on Ethic, Regulatory and Social 
Aspects of BMs, (in collaboration with UNEW and UNIFE and Ariadne): “The importance of biomarkers in the 
field of rare neuromuscular disease: how current research and regulatory procedures may help translate 
progress into improved therapies”  Cathy Turner1, Paola Borgiani2, Michael Lebowitz3, Cinzia Ciccacci2, 
Hanns Lochmüller1, Pauline McCormack4, Elena Schwartz3, Volker Straub1, Simon Woods4, Giuseppe 
Novelli5,7, Alessandra Ferlini6.       1Institute of Genetic Medicine, Newcastle University, International Centre 
for Life, Newcastle upon Tyne, UK 2 Dipartimento di Biomedicina e Prevenzione, Sezione di Genetica, 
Facoltà di Medicina e Ch., Università di Roma "Tor Vergata", Rome, Italy, 3 Ariadne Diagnostics LLC, 
Maryland, USA; 4 Policy, Ethics and Life Sciences (PEALS) Research Centre, Newcastle University, 
Newcastle upon Tyne, UK; 5 National Agency for the Evaluation of Universities and Research, ANVUR, 
Rome, Italy;  6 Sezione e UO di Genetica Medica, Dipartimento di Medicina Sperimentale e Diagnostica, 
Università di Ferrara, Ferrara, Italy; 7 Pharmacogenomics Working Party (PGWP), European Medicines 
Agency (EMA), London, UK (Submitted) 
 
The general positive result is that all partners have had the possibility to know these very specific regulatory 
aspects to consider and to take into account in the prospective of the Briefing Meeting with EMA Innovation 
Task Force to present and to discuss the major results of the Consortium about identified and validated BMs, 
to share with them some particular issues related to BMs in rare NMDs.  This step is particularly important in 
the prospective of a possible future qualification process. 
 
The fact that, in only 3 years, the consortium, by means of WP7, has already reached the step of the contact 
with EMA to start the process of a possible new BM qualification, can be considered a good result. 
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4. Potential impacts and the main dissemination act ivities and 
exploitation of results 
4.1  Economic impacts 

 
Novel drugs/therapies development 
Over the last several years, pharmaceutical companies have shown significant interest in conducting 
groundbreaking research and development for effective treatment agents for NMD. Recently, the EMA 
developed a process that would make prevalence for rare disease products.  
Results of BIO-NMD Consortium can make a significant progress in novel therapeutic development in rare 
disorders including NMD because of the identification of sensitive and reliable biomarkers that can be used 
for facilitating the evaluation of emerging therapies in drug trials and regulatory approval in NMD. The use of 
this biomarker’s panel for the diagnosis, prognosis, and monitoring of NMD as well as to guide the choice of 
therapeutic regimens may significantly improve the current clinical practice. While the market for any one of 
these rare diseases is rather small, the aggregate world-wide market is predicted to exceed $500M per year. 
An industrial partner (for example, Ariadne-Dx, LLC) in addressing this niche market, expects to obtain 
certain rights to exclusivity and regulatory advantage due to the orphan status of these diseases. 
 
Early diagnosis and screening 
A longstanding debated question for rare disease is the feasibility/availability of neonatal tests (newborn 
screening). Having RDs diagnosed at birth will surely enhance their care, their monitoring and at the end will 
maximize the benefit of novel therapies, A precocious diagnosis is prerequisite for early care of these 
patients, which impact also on family psychological and social aspects. The huge effort the BIO-NMD has 
put in developing high throughput techniques will surely facilitate the establishing of the disease accurate 
diagnosis by validating some specific biomarkers in pivotal studies (as SNPs or serum biomarkers). This will 
have economical repercussion on disease diagnosis and will speed up access to both standardized and 
novel therapies. 
 
Pharmacogenetics 
EMA considers orphan drug a task with research priorities and dedicated regulatory modalities, considering 
the socio-economical impact rare diseases do have on the health care. During the drug development 
process, having a biomarker able to predict drug response and/or occurrence of side effects will be of 
outmost importance and will reduce the costs of the drug development. Within the BIO-NMD some SNPs 
related to drug (corticosteroid) responses emerged, and if they will be biologically validated in larger cohort 
,could be qualified for screening DMD patients before undergoing to steroid therapies, reducing the risk of 
side effects and increasing efficacy of the treatment. Some SNPs and serum/plasma biomarkers (as MMP9) 
have been identified as associated with disease severity or specific disease characteristics. These 
biomarkers will serve for patients’ stratification, for selection of appropriate subjects for clinical trials. This will 
impact on the economical load, patients’ care and novel therapies do have, and having these costs reduced 
will allow wider patients participation to novel trials and encourage novel drug qualifications.  
 
Bioinformatics 
A bottleneck of rare disease is analyzing the huge amount of data generated by the high throughput 
techniques (whole exome sequencing transcriptome sequencing, proteomic profiling). The bio-informatics 
tasks in the BIO-NMD have addressed this issue by developing novel software (MedSCAN and 
PathwayStudio) to analyse data. In particular, the method revealed to be very effective to prioritize gene for 
further analysis and validation. This allows saving time and sparing resources in order to identify biomarkers.  
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4.2  Social and ethical aspects 
 
BIO-NMD’s primary aim was to discover biomarkers for neuromuscular disease – in particular 
dystrophinopathies and collagen VI disease. The significance of biomarker discovery for patients and their 
families is manifold. Part of the task for WP8 has been to communicate these benefits to the patient 
community. This has been achieved in part through the patient section of the BIO-NMD website (figure 1) 
which was also translated into German, French, Dutch and Italian. 
 
In addition, a poster was presented at patient organisations’ conferences (Spierziektecongres Nederland, 
Veldhoven, 15 Sept 2012) The poster included an explanation of the role of biomarkers in the development 
of therapies for NMDs: 
 
A major application of new biomarkers is in clinical trials . At the moment, when a new drug is being tested, 
researchers use a variety of ways to measure whether the drug has had a positive effect. However, these 
measures are not always very good at showing small changes and improvements in symptoms, especially 
when the drugs are only being tested for a short time. 
However, if the BIO-NMD project can find biomarkers in patients' blood or urine, samples of these can be 
taken throughout clinical trials. Measuring the levels of these biomarkers would show researchers clearly and 
accurately whether the drug being tested has had an effect or not. 
Other benefits of biomarkers include: 
• Blood and urine testing may be able to replace the use of muscle biopsies in the future 
• Diagnosis can happen earlier because testing for biomarkers is quicker and easier than genetic testing 
• Disease progression can be accurately measured allowing better clinical management of symptoms  
• Existing treatments can be adjusted to precisely meet the needs of individual patients and ensure they get 
the maximum benefit . 
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Figure 1: Communicating the potential impact of BIO-NMD to patients via the project website 
 
A patient focussed newsletter has been produced every 9 months giving an explanation of the background of 
the project, including the importance of biobanking, a discussion about translational research and a report on 
the progress of BIO-NMD and its expected impact. 
 
The project has presented some promising results. Several biomarkers identified during BIO-NMD are 
currently under further study in order to move towards their validation. WP9 (below) describes the 
presentation of these results in more detail. However, the potential impact of the foreground is significant. 
Should any of the biomarkers be validated, their use in clinical trials may speed the drug development 
pipeline by acting as a surrogate end point or by improving the stratification of patient cohorts. This may 
reduce the cost to the pharmaceutical industry and improve the chances of trial success. Validated 
biomarkers may be shown to be of use and significance for other neuromuscular diseases so widening the 
impact of BIO-NMD beyond the initial scope of the project. 
 
The ethical implications of BIO-NMD have not been overly complex. The licences required were obtained at 
the outset and the PEB met every 6 months. Over the course of the project, the PEB was asked to consider 
what the approach should be to any incidental findings (IFs) and this prompted an interesting debate which 
involved partners, the PEB, the PAC and other patient representatives. It was agreed that IFs were very 
unlikely in the BIO-NMD project as the sequencing work was targeted. Indeed, no IFs arose.  
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Another area of discussion for the PEB and PAC was on informed consent by patients for the use of their 
samples. Again, in BIO-NMD, there were no problems and the approved forms in each centre were used 
when collecting samples for partners to study.  
However, the impact of both these discussions will reach beyond the project. At the final meeting in Rome 
(M36), a joint PEB/PAC meeting was held and the following points were agreed: 

• Close collaboration between the PEB/PAC or even a joint board, is very useful and promotes a more 
informed debate. This will be used to inform future projects (such as Neuromics). 

• Involvement of patient representatives from the outset of a project is important to ensure patient 
engagement and that research is always in patients’ best interests – again, this will be fed into future 
projects. 

• In the future, informed consent forms will need to reflect the increasingly complex and in depth 
research using omics technologies which will be carried out on patients’ samples. Consenting 
procedures should also address feedback to patients in the event of any findings, including IFs. 

• Funding will be sought from UPPMD by Simon Woods (PEALS, PEB) to write up a review of best 
practice in all the above areas. This review would be widely disseminated and used to inform future 
projects as appropriate. 

 
 

4.3 Exploitation and dissemination 
 

4.3.1 Dissemination activities 
One of the most important dissemination tools for BIO-NMD has been the project website at www.bio-
nmd.eu  was created in the first few months of the project. It gives: 
 

• the aims and objectives of the research 
• details about the project in lay terms, aimed at the patient community 
• information about each partner and their role in BIO-NMD with links to their own websites 
• details about the composition and roles of various committees including those which deal with IP 

which will be important during any exploitation activity 
• a list of publications which have come out of the BIO-NMD project 
• a detailed summary every 6 months of the progress made 
• contact details for further information 
• news and event details 
• forms to facilitate partners submitting information about their dissemination activities. 
• a recently added form for Industry representatives to express an interest in the M36 Industry session 

along with details of that session. 
 
The website is well used with over 10,000 visitors to the site over the course of the project. These visitors 
viewed more than 36000 pages (data from Google analytics). The regular updates on the website have 
served to inform the scientific community of BIO-NMD’s results and plans. This workpackage has also 
helped to establish and monitor the publication policy and kept records of dissemination activity by partners 
which has then been submitted to the EU via the participant portal. 
 
In order to maximise future opportunities for exploitation of foreground and encourage future collaborations 
to develop biomarkers discovered in the project, engagement with industry was important. After a successful 
industry session at the first BIO-NMD meeting in M6, UNEW followed up the participants from industry. The 
response to the project was extremely positive. Out of these discussions came a small pilot project between 
UNEW, UCL, UNIFE and Pfizer which may lead on to further collaboration. 
 
BIO-NMD continues to have dialogue with industry stakeholders and the dissemination activities listed in 
section 5.1 show how UNEW has been developing communication channels with this group. This may lead 
to exploitation opportunities in the future. A larger industry session took place for the final project meeting in 
Rome (November 2012). This was well attended and industry delegates were keen to hear about the BIO-
NMD results. There were many questions, particularly about developing biomarkers further and about access 
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to samples and patient data collected by the project. Possible future collaborations are being explored 
further. 
Partners have published extensively the results of the BIO-NMD research and continue to do so. Table in 
section 5.2 lists the papers which have currently been published. Many more are in preparation, including a 
general review of the use of biomarkers in NMDs which includes a summary of the project results. Figure 2 
reproduces this summary. 
 
Figure 2: Exploratory biomarkers for NMDs discovere d and already published as part of the BIO-NMD 
project 

* Provides a rapid, comprehensive analysis of the dystrophin transcript. Based on Applied Biosystems’ 
7900HT TaqMan® low-density array technology. 

Biomarker Category Potential use Ref 
Serum matrix 
metalloproteinase-
9 (MMP9) 

Proteomic Monitor disease progression 
in DMD 

Nadarajah et al., 2011[18] 

Melanocytes Proteomic  Monitor disease progression 
and response to treatment in 
DMD 

Pellegrini et al., 2012[34] 

Long non-coding RNA 
(lncRNA) 

Genomic Indicator of dystrophin 
expression 

Bovolenta et al., 2012[31] 

12 genes extracted 
from list of candidates 
generated by sub-
network enrichment 
analysis algorithm 
(SNEA)  

Genomic Biomarkers of drug target 
gene expression in Duchenne 
– maybe useful in monitoring 
efficacy of new therapy  

Kotelnikova et al., 
2012[36] 

TIMP-1 Proteomic Monitor disease progression 
in DMD 

Nadarajah et al., 2011[18] 
van Putten et. al., 
2012[30] 

Osteopontin Proteomic Monitor disease progression 
in DMD 

Nadarajah et al., 2011[18] 
van Putten et. al., 
2012[30] 

Some of the key 
proteins involved in 
autophagy,eg LC3, 
Beclin-1 and Bnip3 

Proteomic Monitor disease progression 
in collagen VI diseases 

Grumati et al. 2011[35] 

FluiDMD - a custom 
micro-fluidic exome 
array* 

Transcriptomic Molecular diagnosis of DMD Bovolenta et al., 2012[32] 

Monocyte derived 
macrophages (MDMs) 
– mirror collagen VI 
expression in muscles 

Proteomic Diagnosis and monitoring of 
Bethlem myopathy and Ullrich 
congenital muscular 
dystrophy (collagen VI 
diseases) in place of 
repeated muscle biopsies 

Gualandi et al., 2011[33] 

Fibrinogen and 
fibrinogen-related 
peptides 

  Nadarajah et al, 2012 
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4.3.2 IPR management 
Each partner has nominated a representative that will deal with all the IP aspects related to the BIO-NMD 
project within his/her organisation and will also participate in the periodic IPC meetings. 
A plan for the exploitation of Foreground was written by UNEW as a document for discussion. This was 
circulated to all partners in advance of the M18 meeting in Freiburg in order that the ideas in it could be 
discussed. On the occasion of the final Steering Committee Meeting held in Rome at M36, an IP round-table 
was organised. Fundamental rules of the BIO-NMD Consortium Agreement were reminded to partners: 
• The beneficiaries shall report on the expected use to be made of foreground, filling extensively the IP 
Database. Taking into account that it is too early to define precisely any ownership; it was agreed to fill in the 
IP database with all knowledge of interest produced and to be produced by BIO-NMD 
• Foreground shall be the property of the beneficiary carrying out the work generating that foreground. 
Where several beneficiaries have jointly carried out work generating foreground, they shall have joint 
ownership of such foreground. They shall establish a specific agreement defining the allocation and terms of 
exercising that joint ownership.  
• In case of joint ownership of Foreground as long as no joint ownership agreement has been 
concluded yet, each of the joint owners shall be entitled to use the jointly owned foreground on a royalty-free 
basis, and to grant nonexclusive licenses to third parties, without any right to sub-license subject to the 
following conditions: at least 45 Days prior notice must be given to the other joint owner(s); and fair and 
reasonable compensation must be provided to the other joint owner(s). 
To better organise the collection of partners’ data and the examination of items that could be eligible for 
patenting, participants agreed on the nomination of a TTO coordinator whose role would be: 
- to coordinate the activities with the other partners in order to achieve a protection of the invention. 
- to inform the project coordinator about the patent activity. 
 
Patents could be envisaged for some of the results of BIO-NMD considering that following criteria are 
fulfilled:  

- Results must meet patentability requirements (novel, inventive) 
- Results must fulfil a medical need, and concept should be proved against science expectations 
- Results should address an existing or future market, and should be able to make the difference, 

at an affordable cost, with other alternative solutions.  
Patentability has been identified for some of the exploratory biomarkers (human) validated by BIO-NMD. The 
value of protecting the results has to be considered by partners before filing a patent application. 
The TTO coordinator or a private company who has had a major contribution to the results (potential IP 
owner) and has expertise in the field will take over lead for filing patent.  
 

4.4 Cooperation with industry 
 
A first meeting with representatives from industry was held on 8th July 2010 in London, during the M6 Bio-
NMD Steering Committee. The aim of this session was to present to industry the objectives, structure and 
partners of the BIO-NMD project.  
The “industry” participants confirmed their interested in this kind of meeting which provided a good forum for 
sharing information and project results. This appeared as a good format for future interaction and 
collaboration between academic professionals and industry professionals who could then realise the 
potential opportunities to advance the basic science, translatability and ultimately patient treatment options. 
Validating a translatable biomarker of diagnosis, pathophysiology and treatment could be of interest for 
industry and would help them to search for alternative starting points for drug discovery programmes. A 
second industry meeting was organized during the final project meeting in Rome on 14th November 2012. 
Partners of BIO-NMD consortium presented the work and the results achieved in the project and could 
answer to all the questions from Industry participants. The fruitful discussion between all the attendees 
highlighted first the interest of industry in the biomarkers discovered in BIO-NMD project, and secondly the 
importance of a future collaboration to assess how these biomarkers could be used. Indeed, a number of 
biomarkers have been generated by the project and their impact will not only be on the two main diseases 
object of the project, but also on many other neuromuscular diseases. Some biomarkers as SNPs related to 
drug response might be exploitable also in non-muscle disorders. Cooperation with industry is essential now 
to translate biomarkers in trials, and in clinical stratification. 
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5. CONTACTS AND ADDRESSES 
5.1 Project website 

 
www.bio-nmd.eu 
 

 
 
 

5.2 Project logo 
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5.3 Project participants 
 
UNIFE (University of Ferrara)  
Alessandra Ferlini (Project Coordinator) 
 
LUMC (Leiden University Medical Centre), The Netherlands   
Peter 't Hoen  
 
UNEW (Newcastle University), United Kingdom   
Volker Straub  
Hanns Lochmuller 
 
UNIPD (University of Padova), Italy   
Paolo Bonaldo  
 
UCL (University College London), UK   
Francesco Muntoni  
 
UNIROMA (University of Rome Tor Vergata); Italy   
Giuseppe Novelli  
 
INSERM (French National Institute of Health and Medical Research), France   
Christophe Beroud 
 
UNIMI (University of Milan), Italy   
Cecilia Gelfi  
 
KTH (Royal Institute of Technology), The Netherlands   
Cristina Al-Khalili Szigyarto  
 
ARIADNE  Diagnostics, USA   
Elena Schwartz 
 
Life  (Life Technologies GmbH), Germany   
Simone Guenther 
 
NOVAMEN, France   
Marie-Cécile Barras 
 
UAM (University of Mediterranée - Aix-Marseille II), France   
Nicolas Lévy  
 
STZ (Steinbeis GmbH & Co. KG für Technologietransfer), Germany 
Roland Eils 
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6. ANNEX 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A - patients categories and specific strategies (omics and/or targeted approaches) adopted in 
BIO-NMD 
 
 
 
 
 
 

BIOMATERIAL SELECTED AND CIRCULATED

BIOPSIES SAMPLES

� 120 suitable muscle 
biopsies identified through 
the muscle availability audit 
carried out at UNEW, UCL 

and UNIFE

� 42 muscle biopsies 
suitable for the BIO-NMD 

project

� 117 muscle biopsies 
circulated to UNIFE and 

UNIMI

� Collection of new 
samples (DNA, plasma, 

serum) from 285 patients 
across several centres 

(UNEW, UCL, UNIFE and 
LUMC)

� 119 +143 new 
plasma/serum samples 

circulated

� 291 DNA samples 
circulated

Whole exome sequencing

Targeted exons sequencing

Targeted SNPs capturing

Whole RNAseq

myomiRNA seq

2-DIGE MS

Liquid chromatography-MS

mass-spectrometry (MS)

PARALLELED OMICS (PO) and TECHNIQUES TARGETED GENES (TG) and TECHNIQUES

Genes/Pathways identified by ARIADNE MEDSCAN 
software (~ 200 genes)

Genes/Pathways identified in animal models

Low-invasive cell search

Multiplex ELISA

CHIP immunoassay

SNPs studies

Low/non-invasive cell studies

APPROACHES (PATIENTS MATERIAL)

PATIENTS’ CATEGORIES DEFINED

DMD UNDER STEROIDS
RESPONDERS VS NON RESPONDERS

���� Muscle: longRNAseq, myomrRNAseq, 2-DIGE
���� DNA: whole exome, SNPs arrays candidate genes

Cells: steroid influence on exon skipping

DMD SUPER SURVIVORS

���� Muscle: longRNAseq, myomrRNAseq, 2-DIGE
���� DNA: whole exome, SNPs arrays candidate genes, 

targeted exome sequencing

DMD EARLY VS LATE LOSS OF AMBULATION

���� Muscle: longRNAseq, myomrRNAseq, 2-DIGE
���� DNA: whole exome, SNPs arrays candidate genes, 

targeted exome sequencing

DMD VS BMD

���� Muscle:
2-DIGE

COL6 
PATIENTS 

BEFORE AND 
AFTER 

CYCLOSPORIN 
A TREATMENT

�Muscle: 
longRNAseq

myomrRNAseq
2-DIGE

�DNA: 
whole exome
SNPs arrays 

candidate genes

DMD AND BMD
DISEASE SEVERITY/

PROGRESSION/
DRUG RESPONSE 

(STEROIDS)

���� Plasma/serum: 
multiplex ELISA, chip 

immunoassays

UCMD VS BM 
PATIENTS

�Muscle: 
2-DIGE

SYMPTOMATIC 
FEMALES 

CARRIERS OF 
DYSTROPHIN 
MUTATIONS

�Muscle: 
longRNAseq, 

myomrRNAseq
2-DIGE

�DNA: 
whole exome
SNPs arrays 

candidate genes
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-

Diagnostic and
Prognostic biomarkers 

Pharmacodynamic
biomarkers

TREAT-NMD
Ready to Clinical trials

BIO-NMD Project
Preclinical Biomarkers 

validated for 
dystrophinopathies and 

CLVI myopathies

BIO-NMD Project
Preclinical Biomarkers 

validated for 
dystrophinopathies and 

CLVI myopathies

Pharmacokinetic 
biomarkers 

Safety Biomarkers

Improve 
patient health 

Developing 
about 
1000 

immunoassay 
for plasma -

serum 
screening

Transfer biomarkers 
to clinical practice

biomarkers for NMDs 

BIO-NMD Main Impacts 

CLINICAL TRIALS: 
Individualised 

treatment

CLINICAL TRIALS: 
Individualised 

treatment

Improving 
diagnosis and 

disease course 
treatment

Improving 
diagnosis and 

disease course 
treatment

Diagnosis 
screening in 

wide population 
(cost -effective 

tool)

Diagnosis 
screening in 

wide population 
(cost -effective 

tool)

Collecting non -invasive 
samples from other

NMDs
(reducing costs, 

improvingbenefit, abating
painfulprocedures)

Collecting non -invasive 
samples from other

NMDs
(reducing costs, 

improvingbenefit, abating
painfulprocedures)

Validation 
process in 

other NMDs

Validation 
process in 

other NMDs

BIO-NMD Project
Preclinical Exploratory 

Biomarkers for 
dystrophinopathies and 

CLVI myopathies

BIO-NMD Project
Preclinical Exploratory 

Biomarkers for 
dystrophinopathies and 

CLVI myopathies

Validated exploratory biomarkers (BMs) (human)  
� Validated exploratory biomarkers (BMs) (human)  
� identified 4 SNPs as drug response (corticosteroid) BMs in DMD 
� Identified SNPs as modifiers in symptomatic DMD carriers 
� Identified SNPs as modifiers of DMD phenotype (loss of ambulation, supersurvivors, heart involvement) 
� Identified 2 serum protein BMs in DMD for disease severity 
� Identified  5 ncRNAs as pathophysiological DMD BMs 
� Identified 2 novel candidate genes for COLVI myopathies 
� Identified 2 transcriptomic biomarkers  in COLVI myopathies 
� Identified 3 novel plasma proteomic BMs using multiplexes immunoassays 
� Identified novel regulatory regions in the dystrophin gene 
� Identified differentially expressed proteins in COL6 and DMD/BMD muscles  

 
Exploratory (animal models) 
Identified peculiar genes pathways and expression profiles (autophagy, circadian clock, apoptosis) involved in COLVI animal models 
TOOLS 

� Designed novel arrays for targeted sequencing and SNPs detection 
� Designed and validate novel ChIp-on CHIP array for dystrophin chromatine profiling 
� Designed novel enrichment methods for targeted sequencing detection 
� Designed novel bioinformatics tools for neuromuscular gene pathways analysis 
� Designed novel bioinformatics tool for OMIC data description, collection, and interpretation  
� Designed novel immunoassay arrays for proteins profiling in plasma/serum (a collection of more 500 antibodies) 
� Designed and set up novel whole proteomic profile in patients’ plasma/serum 
� Set up whole proteomic profile in muscle tissues 
� Demonstrated that some circulating (macrophages) or skin (melanocytes) cells can surrogate functional muscle studies 

Figure B.  
 


