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Background: The identification of prognostic biomarkers is crucial for guiding treatment strategies in 
mesothelioma patients. The Duchenne muscular dystrophy (DMD) gene and its specific transcripts have 
been associated with patient survival in various tumours. In this study, we aimed to investigate the prognostic 
potential of DMD gene expression and its transcripts in mesothelioma patients.
Methods: We analysed The Cancer Genome Atlas (TCGA) mesothelioma RNAseq, mutation, and clinical 
data to assess the association between DMD gene expression and its transcripts (Dp427, Dp71 splice variants) 
and mesothelioma survival. We also evaluated the specific Dp71 transcript as a unique prognostic biomarker 
across mesothelioma subtypes. Additionally, we performed differential gene expression analysis between high 
and low DMD gene/transcript expression groups.
Results: The analysis included 57 epithelioid, 23 biphasic, two sarcomatoid, and five not otherwise 
specified (NOS) histological subtypes of mesothelioma samples. Univariate analysis revealed that high 
expression of the DMD gene and its Dp71 transcript was significantly associated with shorter survival 
in mesothelioma patients (P=0.003 and P<0.001, respectively). In a multivariate analysis, the association 
between Dp71 expression and survival remained significant [hazard ratio (HR) 2.29, 95% confidence interval 
(CI): 1.24–4.23, P=0.008] across all mesothelioma patients, and also among patients with mesotheliomas 
without deep CDKN2A deletions (HR 3.58, 95% CI: 1.31–9.80, P=0.01). Pathway analysis revealed 
enrichment of cell cycle (P=3.01×10−4) and homologous recombination (P=0.01) pathways in differentially 
expressed genes (DEGs) between high and low Dp71 groups. Furthermore, there were correlations between 
Dp71 transcript expression and tumour microenvironment (TME) cells, including a weak positive correlation 
with macrophages (R=0.32, P=0.002) specifically M2 macrophages (R=0.34, P=0.001).
Conclusions: Our findings indicate that the differential expression of specific DMD transcripts is 
associated with poor survival in mesothelioma patients. The specific Dp71 transcript can serve as a potential 
biomarker for predicting patient survival in diverse histological subtypes of mesothelioma. Further studies 
are needed to understand the role of specific dystrophin transcripts in cancer and TME cells, and their 
implications in the pathogenesis and progression of mesothelioma. Identifying patients at risk of poor 
survival based on DMD transcript expression can guide treatment strategies in mesothelioma, informing 
decisions regarding treatment intensity, follow-up schedules, eligibility for clinical trials, and ultimately, end-
of-life care planning.
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Introduction

Background

The incidence of mesothelioma is varied across countries, 
with Northern Europe reporting the highest rates (0.30 per 
100,000), and males having significantly higher rates and 
worse survival than females (1). Although these rates are in 
decline due to the elimination of asbestos, mesothelioma 
has a latency period of 30 to 40 years and considerable 
amounts of asbestos are still being utilised in developing 
countries (1). Furthermore, despite that substantial advances 
have been made in understanding the molecular biology of 
mesothelioma (2), the molecular basis of this disease is not 
yet fully understood (3). 

The majority of patients are diagnosed with unresectable 
or advanced stage disease, and they receive platinum-
based chemotherapy or, more recently, combination 

immunotherapy as the first-line treatment (4). Nevertheless, 
mesothelioma invariably leads to death, and the 5-year 
survival rate remains at 12% (1). Therefore, it remains a 
significant clinical challenge.

The three major histological subtypes of mesothelioma 
are epithelioid, sarcomatoid and biphasic, with the 
epithelioid type having the most favourable prognosis (5).  
This classification has been challenged by genomic 
and transcriptomic analyses, which revealed extensive 
interpatient heterogeneity (6) that is further exacerbated 
by inflammation, cellularity and vacuolisation within the 
stroma surrounding the tumour (7).

This molecular heterogeneity and rare long-term 
survival have hindered the identification of prognostically 
relevant molecular markers, which are urgently needed to 
enhance our understanding of the biology of this disease, 
guide the clinical management, and potentially uncover 
novel therapeutic targets (5,8).

The most reliable predictors of survival continue to 
be the clinical and pathological parameters (8). Besides 
histology, which is still considered the most accurate 
prognostic factor, clinical prognostic indicators include 
age, disease stage, haemoglobin levels, white blood cell 
and platelet counts, performance status, and lactate 
dehydrogenase (LDH) levels (5).

Many studies have explored predictive molecular 
markers for mesothelioma, but none found routine clinical 
application [reviewed in the study (5)]. Homozygous 
deletions of the cyclin-dependent kinase inhibitor 2A 
(CDKN2A) gene, which are found in 60% to 73% 
of mesothelioma patients, have been linked to poor 
mesothelioma prognosis (9,10). However, these deletions 
have not been demonstrated to outperform the standard 
clinicopathological parameters in predicting mesothelioma 
survival (5,8,9). Another frequently mutated gene in 
mesothelioma is neurofibromatosis type 2 (NF2) with 30–
40% of mesotheliomas harbouring NF2 somatic mutations 
(11,12). The association of hemizygous NF2 deletions with 
worse mesothelioma prognosis is not unequivocal (13-15). 
Finally, inactivating mutations in the BRCA1-associated 
protein-1 (BAP1) gene have been detected in up to 67% 
of mesotheliomas (16,17). While some studies have linked 
BAP1 protein loss to improved mesothelioma prognosis 
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Figure 1 The transcripts encoded by the DMD gene and Dp71 dystrophin transcript splice variants. (A) Chromosomal localisation of the DMD 
gene and its encoded transcripts. The vertical dashes indicate individual exons. The location of the first exons is indicated by the red boxes. 
Specific splice variants are indicated on the left. (B) Schematic representation of Dp71 splice variants. Dp7b and Dp71ab lack exon 78 and have an 
alternative exon 79, resulting in an alternative C-terminus. N, N terminal domain; C, C terminal domain; DMD, Duchenne muscular dystrophy. 
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(16,18), others found no impact on survival (14,15). The 
low sensitivity and technical complexity (e.g., fluorescence 
in situ hybridisation) of the detection methods of these 
markers restricts their widespread clinical use (14,17).

A role for the Duchenne muscular dystrophy (DMD) 
gene expression as a predictor of survival across various 
tumours has been highlighted, including different 
carcinomas, haematological malignancies, and low-grade 
gliomas (19-22). The DMD gene is the second largest 
human gene known, with 79 exons and eight independent 
tissue-specific promoters (23). Three promoters control 
the expression of 14-kb full-length transcripts encoding  
427 kDa dystrophins (Dp427). Five intragenic promoters 
give rise to transcripts encoding truncated isoforms, 
of which Dp71 is the most ubiquitous (23). Alternative 
splicing adds further structural and functional diversity 
(Figure 1). The main Dp71 splice variants (24) result from 
alternative splicing events involving exons 71 and 78. 
Dp71a lacks exon 71, Dp71b lacks exon 78, and Dp71ab 
lacks both exons 71 and 78. The absence of exon 78 leads 
to the replacement of the hydrophilic C-terminus with a 
unique hydrophobic one (24).

Notab ly,  Duchenne  abnorma l i t i e s ,  inc lud ing 
dysregulation of various signalling pathways (25), 
asymmetric cell division (26), and alterations in cell 
proliferation and migration (27,28) are also typical for 
malignancy and, indeed, have been seen in myogenic 
tumours (28). 

Importantly, the reduction of DMD gene expression 
in tumours compared to control tissues was due to 
transcriptional downregulation and not somatic mutations, 
which could be expected in malignancies (20). This specific 
regulation indicates the importance of this mechanism.

Rationale and knowledge gap

The molecular heterogeneity and short survival have 
hindered the identification of prognostically relevant 
mesothelioma biomarkers, which could guide the clinical 
management and help identify new therapeutic targets. 
Interestingly, a comprehensive analysis of specific DMD 
gene transcripts revealed a significant complexity suggesting 
that individual variants may have distinct roles in tumours. 
While the transcript encoding the full-length muscle 
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specific isoform (Dp427m) was downregulated across 
primary tumours, the transcripts encoding Dp71 variants 
showed variability of expression (20).

Objective

Given these findings, we performed a targeted analysis 
of DMD transcripts in various mesothelioma types and 
examined the association between their expression and 
patient survival. Next, we investigated Dp71 as a unique 
biomarker across mesotheliomas. We present this article in 
accordance with the REMARK reporting checklist (available 
at https://tlcr.amegroups.com/article/view/10.21037/tlcr-
24-28/rc).

Methods

Data acquisition

Normalised and log transformed RNAseq expression data 
for the DMD gene in primary mesothelioma samples and 
corresponding clinical data, including the demographics of 
patients, the histological subtype of samples and tumour 
stage, were obtained from the University of California Santa 
Cruz (UCSC) Xena Functional Genomics Browser (http://
xena.ucsc.edu) after selecting The Cancer Genome Atlas 
(TCGA) Mesothelioma (MESO) cohort and querying for 
the DMD gene. Somatic mutation data were obtained from 
cBioPortal (https://www.cbioportal.org). Gene-level copy 
number variation (CNV) data estimated using the Genomic 
Identification of Significant Targets in Cancer (GISTIC2.0) 
method were obtained from the XENA Browser (29,30).

The TCGA RNAseq isoform data were downloaded 
from the MESO mRNASeq archives “illuminahiseq_
rnaseqv2-RSEM_isoforms_normalized MD5” at Broad 
Institute TCGA Genome Data Analysis Centre Firebrowse 
portal (http://firebrowse.org). UCSC identifiers of 
transcripts were matched to specific DMD transcripts 
using the UCSC genome browser (uc004dda.1: Dp427m; 
uc004dcm.1: Dp71; uc004dcn.1: Dp71a, uc004dco.1: 
Dp71b, and uc004dcp.1: Dp71ab). However, we note that 
estimates of transcript expression by RSEM may not be 
100% accurate. Alternative splicing may result in RNAseq 
reads mapping to multiple transcripts of the same gene or 
multiple genes in different genomic locations (31) leading 
to mapping ambiguities (32).

Gene-level raw RNAseq expression data used for the 
differential gene expression analysis were also downloaded 

from the Firebrowse portal. The study was conducted in 
accordance with the Declaration of Helsinki (as revised in 
2013).

Comparisons of the DMD gene/transcripts expression 
levels

Mesothelioma samples were classified into two groups: 
epithelioid, and non-epithelioid mesothelioma [biphasic, 
sarcomatoid, and not otherwise specified (NOS) samples]. 
Data were tested for normality using a Shapiro-Wilk test in 
GraphPad Prism version 9.5.0 (San Diego, CA, USA) and 
homogeneity of variances using Levene’s test. Normally 
distributed data were analysed using an unpaired t-test or 
an ordinary one-way ANOVA (when groups had equal 
variances). Non-normally distributed data were analysed 
using a Mann-Whitney test or Kruskal-Wallis and Dunn’s 
multiple comparisons tests.

Cut-point determination

Datasets were divided into low and high DMD gene/
transcript expression groups using the X-Tile software 
version 3.6.1 (Yale University School of Medicine, USA) (33).  
Optimal cut-off values were determined using a minimal 
P value approach. The software tests various expression 
thresholds, and the threshold that yields the smallest P 
value, signifying the most significant difference in outcomes 
between the two groups, is selected as the cut-off point.

The cut-point for the total DMD dataset was 7.19 
log2(norm_count +1). The cut-points for Dp71, Dp71a, 
Dp71b, Dp71ab and Dp427m were 48.11, 0.01, 51.37, 
105.09 and 2.57 normalised RSEM, respectively. The 
differences in expression between the high versus low 
groups for DMD gene/transcripts are shown in Figure S1.

Survival analysis

Kaplan-Meier curves were generated in GraphPad and 
the and statistical analysis of survival was performed using 
the log-rank test. Age at diagnosis data was split into three 
groups: patients below 60 years old, patients in their 60s, 
and aged 70 and above. When two or three comparisons 
were performed, the alpha value was adjusted to 0.025 
or 0.017, respectively. For multivariate analyses, Cox 
regression analysis was conducted in SPSS (IBM Corp., 
Armonk, NY, USA).

https://tlcr.amegroups.com/article/view/10.21037/tlcr-24-28/rc
https://tlcr.amegroups.com/article/view/10.21037/tlcr-24-28/rc
http://xena.ucsc.edu
http://xena.ucsc.edu
https://cdn.amegroups.cn/static/public/TLCR-24-28-Supplementary.pdf
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Contingency tests

We used Fisher’s exact test to assess the presence of 
associations between high versus low DMD expression and 
the occurrence of DMD deletions and somatic mutations. 
The test was performed in GraphPad Prism.

Differential gene expression analysis 

The differential gene expression analysis was performed 
using Limma Voom (34) in R v4.0.4 to identify the 
differentially expressed genes (DEGs) between the high 
versus low DMD gene/transcript expression groups. Genes 
with a false discovery rate (FDR)-corrected P value <0.05, 
and a |Log fold change (FC)| value ≥0.7 were considered 
differentially expressed. The EnrichR tool (35) was used to 
identify the Kyoto Encyclopaedia of Genes and Genomes 
(KEGG) pathways enriched in the DEGs.

Correlation between DMD gene/transcripts expression and 
tumour microenvironment (TME) cells

The percentages of different stromal and immune cells 
[including natural killer (NK) and endothelial cells, 
macrophages, and fibroblasts] within the TME cells 
for mesothelioma samples predicted by the Kassandra  
algorithm (36) were downloaded from (https://science.
bostongene.com/kassandra/api/download/TCGA_
predicted_by_Kassandra.tar.gz). Pearson correlation 
between DMD gene/transcript expression and percentages 
of TME cells was calculated using R v4.0.4.

Results

Expression of DMD transcripts in mesothelioma samples

The TCGA MESO cohort used in this study included 
87 mesothelioma samples with the following histological 
subtypes: 57 epithelioid, and 30 non-epithelioid (23 
biphasic, two sarcomatoid, and five NOS). The age of 
patients at the initial diagnosis ranged between 28 and  
81 years. Seventy-one of the patients were males and 16 
were females. The pathologic stages of cases were stage I 
(n=10), stage II (n=16), stage III (n=45) and stage IV (n=16). 
One sample of the sarcomatoid subtype was not included in 
the survival analyses due to the lack of survival data.

We examined the expression of the full-length isoform 
(Dp427m) and splice variants of the Dp71 isoform in 
mesothelioma.

Dp427m, Dp71b and Dp71ab had the highest expression 
level in primary mesothelioma samples (Figure 2A). Dp71 
and Dp71b expression was higher in non-epithelioid 
mesothelioma compared to the epithelioid subtype (P=0.04 
and P=0.003, respectively; Figure 2B). In contrast, Dp427m 
expression was higher in epithelioid than non-epithelioid 
mesothelioma (P=0.04; Figure 2B).

To explore the interplay and regulatory relationships 
between these transcripts and to identify potential co-
regulation or differential expression patterns, we evaluated 
the correlations between Dp71, Dp71a, Dp71b, Dp71ab, 
and Dp427m, and the total DMD  gene expression  
(Figure 2C). We found a strong positive correlation between 
total DMD and Dp427m expression (R=0.73, P<0.001) 
and between total DMD and Dp71b expression (R=0.61, 
P<0.001). We also found a moderate positive correlation 
between total DMD and Dp71ab (R=0.58, P<0.001), Dp71 
and Dp71a (R=0.48, P<0.001), and Dp71 and Dp71b 
(R=0.44, P<0.001). Finally, we found a weak positive 
correlation between Dp71ab and Dp427m expression 
(R=0.34, P=0.001), Dp71b and Dp427m (R=0.32, P=0.002), 
total DMD and Dp71 (R=0.27, P=0.01), and Dp71b and 
Dp71ab (R=0.26, P=0.01; Figure 2D).

Association between the expression of DMD gene/
transcripts and survival

In a univariate analysis, total DMD gene expression 
had a significant effect on the overall survival (OS) of 
mesothelioma patients, with about a year difference in 
median survival time between the high versus low DMD 
groups. The median survival time for the high DMD group 
was 14.99 months compared to 27.16 months for the low 
DMD group (Figure 3A).

Likewise,  high Dp71 transcript expression was 
associated with poor mesothelioma patient survival. Of 
the specific Dp71 splice variants, high Dp71b and high 
Dp71ab expression were also associated with poor survival  
(Figure 3A). The differences in median OS for the high 
versus low groups were 11.6, 9 and 3.8 months for Dp71, 
Dp71b, and Dp71ab, respectively. The median survival 
times were 8.351, 14.99, and 16.18 months for the high 
Dp71, Dp71b, and Dp71ab groups, respectively, compared 
to 19.99, 24.07, and 19.99 months for the low Dp71, 
Dp71b, and Dp71ab groups, respectively. The hazard ratios 
(HRs) and P values are displayed in Figure 3B.

No association between Dp71a or Dp427m expression 
and mesothelioma patient survival was found (Figure 3A). 

https://science.bostongene.com/kassandra/api/download/TCGA_predicted_by_Kassandra.tar.gz
https://science.bostongene.com/kassandra/api/download/TCGA_predicted_by_Kassandra.tar.gz
https://science.bostongene.com/kassandra/api/download/TCGA_predicted_by_Kassandra.tar.gz
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Figure 2 Analysis of DMD transcript expression and correlation patterns in mesothelioma. (A) Expression of DMD transcripts in primary 
mesothelioma. Data are presented as mean ± SD (***, P<0.001). (B) Expression of DMD transcripts in epithelioid and non-epithelioid 
mesothelioma. Data are presented as mean ± SD (*, P<0.05; **, P<0.01). (C) Correlation matrix displaying Spearman correlation values for 
all correlation combinations of the expression of total DMD/transcripts. (D) Scatter graphs for statistically significant correlations (P<0.05). 
Plotted data is Log2 (normalised RSEM +1). DMD, Duchenne muscular dystrophy; SD, standard deviation.
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Given that Dp427m is highly expressed and Dp71a shows 
low levels in mesothelioma samples, this reinforces the 
association of other transcripts with survival.

As mutations or deletions could be responsible for 
the low DMD gene expression, the presence of somatic 

mutations and CNVs in high and low DMD groups was 
interrogated. We found no overrepresentation of shallow 
or deep deletions or mutations in the DMD locus in either 
high or low expression groups (P>0.99). In the low DMD 
group 33.3% of samples had DMD gene deletions or 
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Figure 3 Association between the expression of DMD gene/transcripts and OS in mesothelioma. (A) Kaplan-Meier curves of OS for the 
high versus low expression groups of DMD gene/transcripts. Numbers in brackets are median survival times in months. Numbers of patients 
in each group and P values for the log-rank test are displayed. The cut-off values used to classify patients into high and low expression 
groups as determined by the X-tile software are also displayed. The unit for the total DMD dataset is log2(norm_count +1) and the unit for 
the datasets of individual transcripts is normalised RSEM. (B) Forest plot showing the log-rank HR with 95% CI. Statistically significant 
P values are displayed by asterisks: *, P<0.05; **, P<0.01; ***, P<0.001. DMD, Duchenne muscular dystrophy; CI, confidence interval; OS, 
overall survival; HR, hazard ratio.
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mutations compared to 35.5% in the high DMD group.

Pathways associated with the altered expression of DMD 
gene/transcripts

Pathway enrichment analysis in the DEGs between the 
high versus low DMD expression groups identified three 
pathways (Figure S2, Table S1): extracellular matrix 
(ECM)-receptor interaction (P=0.01), arrhythmogenic right 
ventricular cardiomyopathy (P=0.01), and focal adhesion 
(P=0.04).

The pathways enriched in the DEGs between high 
versus low Dp71 groups included cell cycle (P=3.01×10−4) 
and homologous recombination (P=0.01; Figure S2, 
Table S2). The pathways enriched between high versus 
low Dp71b groups included focal adhesion (P=5.94×10−6), 
ECM-receptor interaction (P=3.53×10−5), PI3K-Akt 
signalling (P=4.50×10−5), and calcium signalling (P=0.02; 
Figure S2, Table S3). Finally, the pathways enriched 
between high versus low Dp71ab groups included ECM-
receptor interaction (P=1.78×10−4), PI3K-Akt signalling 
pathway (P=0.01), and focal adhesion (P=0.03; Figure S2,  
Table S4). This indicates that the Dp71b transcript 
encoding the alternative C-terminus is predominantly 
associated with cell adhesion, calcium and PI3K-Akt 
signalling.

No pathways were identified for the Dp71a or Dp427m 
comparison, which aligns with the lack of association 
between Dp427m or Dp71a expression and survival of 
mesothelioma patients.

Correlation between the expression of DMD gene/
transcripts and TME cells

Given the importance of TME in tumour progression and 
response to treatment (37), we examined the correlation 
between the of DMD gene/transcripts expression and TME 
cells in the mesothelioma samples (Figure S3). We did this 
by using previously published predictions of the percentage 
of various cell types in the TME in MESO TCGA samples 
derived from gene expression data by deconvolution (36).

We found a weak negative correlation between 
DMD expression and the predicted percentage of NK 
cells (R=−0.24, P=0.02). We also found a weak positive 
correlation between Dp71 transcript expression and the 
predicted percentage of macrophages (R=0.32, P=0.002) 
and M2 macrophages (R=0.34, P=0.001), a weak positive 
correlation between Dp71b expression and the predicted 

percentage of endothelium (R=0.27, P=0.01) and fibroblasts 
(R=0.32, P=0.003), and a weak positive correlation between 
Dp71ab expression and the predicted percentage of 
fibroblasts (R=0.26, P=0.01).

Given that high expression levels of total DMD gene, 
Dp71, Dp71b, and Dp71ab transcripts were associated 
with worse survival (Figure 2A) and given the observed 
correlations between these transcripts in mesothelioma 
(Figure 2D), and their correlations with TME cells  
(Figure S3), we investigated whether the expression of pairs 
of these transcripts more effectively predict OS compared 
to each transcript alone. Patients were categorised into 
high/high (HH), high/low (HL), low/high (LH), and low/
low (LL) groups and OS was compared. Patients in the 
HH total DMD/Dp71, HH total DMD/Dp71b, and HH 
total DMD/Dp71ab groups had worse survival than their 
corresponding LL groups (Figure 4A). The median survival 
times of patients in the HH total DMD/Dp71ab, HH total 
DMD/Dp71, and HH total DMD/Dp71b, groups were 
27.79, 23.9, and 18.11 months shorter, respectively, than 
their corresponding LL groups.

Median survival times of patients in the HH Dp71/
Dp71ab, HH Dp71/Dp71b and HH Dp71b/Dp71ab 
groups were respectively 16, 14.8 and 11.3 months shorter 
compared to the equivalent LL group (Figure 4A). The HR 
and P values are displayed in Figure 4B.

Dp71 expression is an independent prognostic marker of 
survival in mesothelioma

The characteristics of the high and low DMD gene/
transcript expression groups used in the survival analyses 
are summarised in Figure 5.

In the mesothelioma cohort analysed here, patients with 
the non-epithelioid mesothelioma subtype had significantly 
worse OS compared to those with the epithelioid subtype 
[HR 1.771; 95% confidence interval (CI): 1.042–3.010; 
P=0.01; Figure S4], which agreed with the literature (5). 
However, we did not find any effect for gender, patient age 
at diagnosis, or tumour stage on the survival of patients 
in this cohort (P=0.68, P=0.18, and P=0.76, respectively; 
Figure S4).

Due to the frequent somatic alterations involving the 
CDKN2A, NF2, and BAP1 genes in mesothelioma and their 
association with survival (9,10,12,15,16,18,38), we examined 
whether genomic alterations of these genes have any effect 
on patient survival in the mesothelioma cohort analysed 
here.
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Figure 4 Association between the combined expression of DMD gene/transcript pairs and OS in mesothelioma. (A). Kaplan-Meier curves of 
OS for the HH, HL, LH, and LL expression groups for total DMD gene and Dp71, Dp71b, and Dp71ab transcripts. Numbers in brackets 
are median survival times in months. Numbers of patients in each group and P values for the log-rank test are displayed in the figure. The 
LH DMD Dp71 group consisted of one sample and was excluded. (B) Forest plot showing the log-rank HR with 95% CI. Statistically 
significant P values are displayed by asterisks: **, P<0.01; ***, P<0.001. DMD, Duchenne muscular dystrophy; HH, high/high; HL, high/low; 
LL, low/low; LH, low/high; ns, not significant; CI, confidence interval; OS, overall survival; HR, hazard ratio. 

Deep CDKN2A  delet ions were associated with 
significantly worse survival (HR 3.299; 95% CI: 1.952–
5.576; P<0.001; Figure S5). Deep NF2 deletions were also 
associated with worse survival (HR 3.589; 95% CI: 0.9728–
13.24; P=0.001; Figure S6A), but we did not find any effects 
for shallow NF2 deletions or somatic NF2 gene mutations 
(Figure S6A,S6B). Finally, we did not find any association 
between the presence of BAP1 CNVs or mutations on 

mesothelioma survival in this cohort (Figure S7).
Among the analysed DMD  gene transcripts, the 

association between the Dp71 expression and survival 
remained significant in a multivariate analysis with histology 
and CDKN2A and NF2  deletion status. Therefore, 
Dp71 expression is an independent prognostic factor for 
mesothelioma (Table 1). CDKN2A deletion status also 
remained significant in this model.
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Table 1 SPSS output for the multivariate Cox regression analyses of the association between mesothelioma survival and the expression of Dp71 
and combined total DMD and Dp71 cross all mesothelioma patients and Dp71 in mesothelioma patients with no deep CDKN2A mutations 

Survival analysis P value HR (95% CI)

Dp71 across all mesothelioma patients

Dp71 (high vs. low) 0.008* 2.291 (1.24, 4.230)

CDKN2A deletion status (deep deletions vs. no deep deletions) <0.001* 2.966 (1.722, 5.110)

Histology (non-epithelioid vs. epithelioid) 0.06 1.599 (0.974, 2.625)

NF2 deletion status (deep deletions vs. deep deletions) 0.15 1.832 (0.797, 4.211)

Total DMD + Dp71 across all mesothelioma patients

Total DMD + Dp71 (HH vs. LL) 0.01* 3.337 (1.281, 8.689)

CDKN2A deletion status (deep deletions vs. no deep deletions) 0.09 2.337 (0.872, 6.269)

Histology (non-epithelioid vs. epithelioid) 0.02* 2.67 (1.131, 6.300)

NF2 deletion status (deep deletions vs. no deep deletions) 0.73 1.446 (0.165, 12.693)

Dp71 in mesothelioma patients without CDKN2A deep deletions

Dp71 (high vs. low) 0.01* 3.582 (1.309, 9.802)

Histology (non-epithelioid vs. epithelioid) 0.11 1.834 (0.857, 3.926)

NF2 deletion status (deep deletions vs. no deep deletions) 0.19 3.949 (0.498, 31.293)

*, statistically significant P values. DMD, Duchenne muscular dystrophy; HR, hazard ratio; CI, confidence interval; HH, high/high; LL, low/
low.

Figure 5 A graphical summary of histological mesothelioma subtypes as well as genomic alterations in the DMD, CDKN2A, NF2, and BAP1 
genes in the high (red) and low (blue) expression groups of DMD gene/transcripts used in the survival analyses. Note that only putatively 
causal genomic alterations are represented, with shallow deletions mutations of unknown significance and inframe deletions excluded. DMD, 
Duchenne muscular dystrophy; CNV, copy number variation.
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Furthermore, the association between the combined high 
expression of total DMD gene and Dp71 transcript and 
survival remained statistically significant in a multivariate 
analysis (Table 1). Only histology remained significant in 
this model, while the deletion status of CDKN2A and NF2 
did not.

Lastly, the association between the combined high 
expression of Dp71 and Dp71b transcripts and survival 
remained statistically significant (HR 2.229; 95% CI: 
1.049–4.736; P=0.03; Table S5).

Given our findings that Dp71 (alone or in combination 
with tota l  DMD  or  Dp71b)  can predict  surv iva l 
independently of deep CDKN2A deletions, we evaluated 
whether Dp71 can predict survival in mesothelioma patients 
who do not have deep CDKN2A deletions. We found that 
Dp71 expression was significantly associated with survival 
in a multivariate analysis with histology and NF2 deletion 
status (Table 1). The median OS for the high Dp71 group 
was 13.61 months compared to 27.16 months for the low 
Dp71 group, a difference of 13.55 months (Figure S8).  
Neither histology nor NF2 deletion status remained 
significant in this model.

Our findings identify the expression levels of Dp71 as 
a unique biomarker correlating with patient survival in 
histologically diverse mesotheliomas. Further investigations 
are needed to understand the potential role for specific 
dystrophin transcripts in cancer and TME cells and 
thus in the pathogenesis and/or disease progression of 
mesothelioma.

Discussion

Key findings

Mesothelioma is a challenging disease presenting difficulties 
with the assessment of patient prognosis, which has a 
profound impact on shaping treatment decisions (8). 
Despite extensive efforts to identify prognostically relevant 
molecular markers, none are currently used routinely in the 
clinic. 

We found that Dp71 expression is an independent 
prognostic marker for mesothelioma survival. Median 
survival of patients with both high Dp71 and high total 
DMD expression was approximately 2 years shorter than 
those with low expression. These differences in survival are 
significant considering the median mesothelioma survival 
of 7 to 27 months (3). We also found that Dp71 expression 
is an independent prognostic marker for mesothelioma 

patients who do not have CDKN2A deep deletions, further 
emphasising the unique prognostic value offered by Dp71 in 
this subset of patients. Because no data from corresponding 
control tissues were available in the TCGA dataset, we were 
not able to establish whether Dp71 expression is altered in 
mesothelioma compared to normal pleura. 

Concerning the association between Dp71 and 
mesothelioma, two plausible scenarios warrant consideration. 
The first scenario suggests that the expression of Dp71 and 
its distinct splice variants serves as a passive biomarker 
indicative of mesothelioma status. This expression may 
alter due to unrelated changes within cancer cells or merely 
reflect the composition of various TME cell types, which 
either promote or inhibit tumorigenesis. In the second 
scenario, a causal mechanism comes into play, wherein 
the expression of Dp71 isoforms affects cancer—either 
through a direct impact on cell biology or indirectly by 
effects in specific TME cells. While the current data does 
not allow for a conclusive differentiation between these two 
possibilities, various indicators do exist and provide valuable 
insights.

Pathways enriched in the DEGs between the high 
versus low Dp71 expression groups included cell cycle and 
homologous recombination. These pathways are pivotal 
in the regulation of cell growth, DNA repair, and genomic 
stability, processes that are frequently dysregulated in 
tumours (39,40). Failure of the DNA damage response, 
comprising a complex network of repair mechanisms and 
cell cycle checkpoints responsible for detecting and repairing 
DNA damage, represents one of the important aetiologies 
for mesothelioma development (41), which highlights the 
relevance of our findings. The pathways enriched in the 
DEGs between high versus low Dp71b/ab groups encoding 
the alternative C-terminus indicated the involvement of this 
group of variants in the ECM interactions and PI3K-Akt 
signalling. Indeed, we have found this C-term Dp71 variant 
to regulate diverse cellular functions including adhesion 
and proliferation of tumour cells (N. Alnassar, PhD, 
unpublished data, 2024). Yet another pathway alteration 
identified is calcium signalling, which is a hallmark 
abnormality in cells with DMD gene mutations (25).  
Previously, changes in these pathways have been implicated 
in the development and progression of cancer (42,43). The 
PI3K/AKT plays a role in mesothelioma cell viability and 
survival, and its suppression has been demonstrated to 
reduce mesothelioma cell viability (41,44). Furthermore, 
mesothelioma cells exhibit alterations in the expression and/
or activation of calcium signalling pathway (41,45). The 
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identification of these pathway alterations in mesothelioma 
is consistent with our previous findings on pathways altered 
in different types of primary carcinomas as well as the 
dystrophic muscle of Duchenne patients (20).

Also,  in agreement with our results,  Dp71 was 
previously found to be essential for cell cycle progression 
(46,47), and its depletion reduced cell proliferation in a 
range of tumour cells including soft tissue sarcoma (46), 
myogenic sarcoma (28), lung adenocarcinoma (48) and 
also PC12 neuronal cells (49). In line with our findings, 
it was the Dp71 variant (containing exon 78) that was 
found to play a key role in cell division in PC12 cells (49). 
Additionally, increased Dp71 expression was associated 
with poor prognosis of patients with different tumours 
(19-21).

Regarding the TME cells ,  we found a posit ive 
correlation between Dp71 expression and M2 macrophages 
and we recently discovered that loss of Dp71 expression 
impacts the development and key function of mouse 
macrophages (manuscript in preparation). The presence of 
high numbers of M2 cells is a negative prognostic factor (50) 
as these immunosuppressive macrophages produce factors 
that promote cancer cell survival (37). The expression of 
Dp71b showed a weak positive correlation with endothelial 
cells and fibroblasts, while Dp71ab expression correlated 
with fibroblasts. Fibroblasts contribute to creating an 
immunosuppressive TME (51) and endothelial cells form 
neo-vasculature, supplying nutrients to the tumour, as 
well as facilitating the transit of metastatic cells (52). We 
also identified a weak negative correlation between total 
DMD expression and infiltrating NK cells, which control 
tumour growth and mediate a robust anti-metastatic  
effect (53). While Dp71 association with multiple 
TME cells aligns with the ubiquitous expression of this  
transcript (23), there is currently no strong evidence 
that fibroblasts and endotheliocytes require this isoform 
for their proper functioning. On the other hand, given 
the low prevalence of DMD mutations disrupting Dp71 
expression and the short lifespan of Duchenne patients (23), 
it is conceivable that any potential dysfunctions in these 
TME cells impacting tumour progression may have gone 
unnoticed. 

Insights into the factors influencing the cellular 
composition of the TME are becoming increasingly 
important as they could help identify the responders and 
non-responders to therapeutic interventions (54). Although 
at this stage there is no conclusive evidence indicating a 
specific role of Dp71 in these TME cells, our discovery that 

the expression of this transcript serves as an independent 
prognostic biomarker for mesothelioma and may be a 
revelator of the presence of distinct cellular subsets within 
the TME, makes it an intriguing target for further research.

Determining the active involvement of Dp71 in 
mesothelioma and/or TME cell biology, as opposed to its 
potential role as a passive biomarker reflecting cancer cell 
characteristics or variations in TME cell numbers, holds 
the key to gaining valuable insights into the pathobiology 
of this disease. However, whether it functions or merely 
serves as an indicator, its significance as a biomarker cannot 
be understated. Even in its capacity as a straightforward 
biomarker, Dp71 has the potential to enhance risk 
stratification and provide crucial guidance for therapeutic 
strategies.

Strengths and limitations

We present the identification of the Dp71 dystrophin 
isoform as a unique biomarker allowing the prediction 
of poor survival across mesotheliomas. The correlation 
observed between DMD transcript expression and TME 
components underscores its relevance in investigations 
aimed at delineating its potential as a predictive marker 
for mesothelioma immunotherapy. Additionally, as a 
promising candidate for a novel therapeutic target, the 
DMD transcript holds considerable potential in advancing 
the landscape of mesothelioma treatment strategies. We 
acknowledge that the size of the patient cohort available 
from the TCGA MESO dataset is relatively small and our 
findings need to be validated using a larger independent 
cohort. Furthermore, we were not able to establish whether 
Dp71 transcript is differentially expressed in mesothelioma 
compared to normal pleura due to the lack of RNAseq 
expression data from control tissues in the TCGA dataset.

Comparison with similar researches

Many studies have explored predictive molecular markers 
for mesothelioma, and while several have been linked 
to prognosis, none found routine clinical application. 
These included CDKN2A (9,10) and NF2 (11,12) gene 
deletions, associated with worse mesothelioma prognosis, 
and inactivating mutations in the BAP1 gene linked, in 
some studies, to improved prognosis (16,18). However, 
these markers have not been demonstrated to outperform 
the standard clinicopathological parameters in predicting 
survival. Moreover, the low sensitivity and technical 
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complexity of the detection of these markers restricts their 
widespread clinical use (14,17).

Explanations of findings

Given the mesothelioma diversity, finding a single biomarker 
that could inform survival across all types may seem unlikely. 
However, identification of the DMD gene transcription 
as such a biomarker not only challenges this view but this 
association is also explainable at the molecular level. The 
DMD gene, being the second largest in the human genome 
and possessing housekeeping characteristics, generates 
a plethora of functionally distinct isoforms comparable 
to a versatile Swiss Army knife. With different “business 
heads” sharing a common handle, its multifunctional 
housekeeping nature could elucidate its ubiquitous 
expression. Unsurprisingly, up- and down-regulation of 
DMD expression levels exhibit an association with survival, 
regardless of whether they merely mirror the tumour and/
or TME status or are directly linked to tumour cell biology. 
The latter is indicated by the alterations of specific pathways 
relevant to cancer progression, which were found between 
the high versus low DMD expression groups. The direct link 
is further corroborated by functional studies illustrating the 
dystrophin role in tumours, and that it varies depending on 
the tumour type (21,22,46,48,49). Additionally, our recent 
work has extended this this role to specific splice variants  
(N. Alnassar, PhD, unpublished data, 2024).

Implications and actions needed

To confirm the reliability and clinical relevance of 
DMD  gene transcripts as a prognostic biomarker 
for mesothelioma, we recognise the necessity for an 
independent clinical validation study that encompasses a 
broader spectrum of mesothelioma patients.

Conclusions

Our findings demonstrate that the expression of Dp71 
transcript of the DMD gene is an independent prognostic 
marker for mesothelioma. Thus, quantification of this 
transcript could potentially be developed into a prognostic 
and predictive biomarker test to guide treatment decision-
making and therapeutic development. The prognostic 
significance of DMD transcript expression may enable 
the stratification of patients with either epithelioid or 
non-epithelioid mesothelioma based on their prognosis. 

This stratification, in turn, holds the potential to 
guide therapeutic decisions concerning the intensity of 
treatment, whether to be initiated upfront or as an option 
in later palliative phases. Moreover, it bears relevance 
to determining the optimal intensity of patient follow-
up and plays a crucial role in the stratification of patients 
participating in clinical trials. Further studies unravelling 
the exact role of dystrophin expression could provide novel 
insight into the molecular basis of mesothelioma pathology, 
including its complex tumour environment, and potentially 
result in the identification of novel therapeutic targets. 
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