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Background: Prognosis of malignant pleural mesothelioma (MPM) is poor, and predicting the
outcomes of treatment is difficult. Here we investigate the potential of microRNA expres-

sion to estimate prognosis of MPM patients.
Methods: Candidate microRNAs from microarray profiling of tumor samples from 8 long

(median: 53.7 months) and 8 short (median: 6.4 months) survivors following extrapleural
pneumonectomy (EPP) were validated by RT-qPCR in 48 additional EPP samples. Ka-
plan—Meier log ranking was used to further explore the association between microRNA
expression and overall survival (OS). Binary logistic regression was used to construct a
microRNA signature (miR-Score) that was able to predict an OS of >20 months. Perfor-
mance of the miR-Score was evaluated by receiver operating characteristic (ROC) curve
analysis and validated in a series of 43 tumor samples from patients who underwent
palliative surgery [pleurectomy/decortication (P/D)].

Results: The miR-Score, using expression data of six microRNAs (miR-21-5p, -23a-3p, -30e-
5p, -221-3p, -222-3p, and -31-5p), enabled prediction of long survival with an accuracy of
92.3% for EPP and 71.9% for palliative P/D. Hazard ratios for score-negative patients were
4.12 (95% CI: 2.03—8.37) for EPP and 1.93 (95% CI: 1.01-3.69) for P/D. Importantly, adding
the miR-Score to a set of clinical selection criteria (histology, age, gender) increased
predictive accuracy in the independent validation set from 76.3% for clinical factors only
to 87.3%.
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Conclusions: This study has identified a novel 6-microRNA signature (miR-Score) that can
accurately predict prognosis of MPM patients.
© 2014 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights

reserved.

1. Introduction

Malignant pleural mesothelioma (MPM) is a highly aggressive
cancer arising from the mesothelial lining of the thoracic cav-
ities. With a median survival of less than 1 year and a 5-year
survival rate of less than 5% (van Meerbeeck et al., 2011), prog-
nosis of this asbestos-related cancer remains very poor.

According to current guidelines the majority of MPM
patients will be eligible for palliative chemotherapy (van
Zandwijk et al., 2013). However, there is a select group of pa-
tients that can be considered for intensive multimodality
treatment including induction chemotherapy, radical removal
of the diseased pleura (+/— the underlying lung) and postoper-
ative radiotherapy. Unfortunately, prognostic criteria to select
patients for intensive multimodality approaches are not avail-
able. There are prognostic scores for MPM that have been
derived from data collected from phase II clinical trials in
the US and Europe studying novel chemotherapy regimens
(Curran et al., 1998; Herndon et al., 1998) in the previous cen-
tury, but these are not sufficiently accurate to allow patient se-
lection. More recent studies have explored the value of novel
markers to aid in the selection of MPM patients but few have
been validated (Bitanihirwe et al., 2014; Cedres et al., 2012;
Kao et al., 2011; Opitz et al., 2008; Pass, 2012; Schramm et al.,
2010).

In recent years it has become apparent that the expression
of certain microRNAs in tumor cells can be closely associated
with prognosis and a number of studies have profiled the
microRNA content of MPM cell lines and/or MPM tumor tissue
(Balatti et al., 2011; Benjamin et al., 2010; Busacca et al., 2010;
Gee et al., 2010; Guled et al., 2009; Pass et al., 2010). Two studies
have explored the prognostic value of specific microRNAs in
MPM. One of them suggested that the expression of hsa-
miR-17-5p and hsa-miR-30c was correlated with survival in
sarcomatoid tumors (Busacca et al., 2010); the second study
exploring microRNA content in 129 fresh-frozen surgical spec-
imens concluded that elevated expression of hsa-miR-29¢c-5p
was associated with a significant survival difference (Pass
et al., 2010).

With the intention to better understand the prognostic value
of microRNAs in MPM we have performed a microarray profiling
study using formalin-fixed paraffin embedded (FFPE) tumor
specimens from patients undergoing EPP. Twenty differentially
expressed candidate microRNAs were evaluated using RT-qPCR
in a second set of EPP patients, and we were able to identify a
signature of six microRNAs (miR-Score) that allowed an accurate
prediction of prolonged survival in these patients. In addition,
the same signature was also prognostic in patients receiving a
palliative [pleurectomy =+ decortication (P/D)] surgical proce-
dure. To our knowledge, the miR-Score is the first multi-
microRNA signature with broad prognostic value for MPM.

2. Materials and methods
2.1. Patient samples

Waiver of consent for the use of samples in this retrospective
study was granted by the Human Research Ethics Committee
at Concord Repatriation General Hospital, Sydney, Australia
(CH62/6/2009/078). The histopathology of all samples was
independently reassessed by an expert pathologist [SK] and
final diagnoses were made according to World Health Organi-
zation (WHO) criteria (Travis et al., 2004).

2.1.1. Extrapleural pneumonectomy (EPP) cohort
We studied 64 FFPE tumor tissue samples from patients who
underwent EPP between October 1994 and November 2009 at
Royal Prince Alfred (RPAH) or Strathfield Private Hospitals
(SPH) in Sydney, Australia. These samples form part of a series
of 85 consecutive patients previously used to assess the prog-
nostic value of calretinin and neutrophil-to-lymphocyte ratio
(Kao et al.,, 2011). Samples selected for the present study
were those for which RNA of sufficient quality was available.
Baseline characteristics of the 85 EPP patients and the subset
of 64 patients used in this study are provided in Table 1.
Samples from 8 long (median: 53.7 months) and 8 short
(median: 6.4 months) survivors were used as a discovery set
(see Suppl. Table 1 for baseline characteristics), excluding pa-
tients with biphasic histology and patients who received in-
duction therapy. The remaining 48 samples formed a
training set in follow-up RT-qPCR studies, including patients
with biphasic histology (17/48, 35.4%), those who received in-
duction chemotherapy (13/48, 27.1%) and those who died <8
weeks after surgery (2/48, 4.2%).

2.1.2. Pleurectomy + decortication (P/D) cohort

This cohort consisted of archival FFPE blocks from 75 consec-
utive patients undergoing palliative P/D at RPAH between
October 1991 and October 2006 for whom tissue was available,
and was previously used to study the prognostic potential of
PLK1 and CDK1 (Linton et al., 2014). As part of the current
study, RNA was isolated from the samples in this cohort.
RNA of sufficient quality was available for 43 out of 75 pa-
tients, and used as a validation set. Baseline characteristics
of the P/D patients are provided in Table 1.

2.2. RNA isolation

Prior to RNA isolation, samples were enriched for tumor con-
tent by laser-capture microdissection (LCM). Briefly, tumor
areas were marked on hematoxylin and eosin stained sections
by an experienced pathologist [SK] to guide LCM. Adjacent
sections were then mounted onto membrane slides for LCM
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Table 1 — Baseline characteristic of EPP and P/D cohorts.

Variables EPP cohort

P/D cohort

Complete cohort

Patients with Patients without Complete cohort

Patients with Patients without

(N = 85) RNA (N = 64) RNA (N = 21) (N =75) RNA (N = 43) RNA (N = 32)

Median age (range) 58 (22—74) 62 (47—70) 59 (41-70) 66 (42—83) 65 (42—79) 66 (47—83)
Gender

Male 68 (80%) 49 (77%) 19 (90%) 59 (79%) 34 (79%) 25 (78%)

Female 17 (20%) 15 (23%) 2 (10%) 16 (21%) 9 (21%) 7 (22%)
Histological subtype

Epithelioid 65 (76%) 47 (73%) 18 (86%) 37 (49%) 25 (58%) 12 (38%)

Biphasic 20 (24%) 17 (27%) 3 (14%) 26 (35%) 13 (30%) 13 (41%)

Sarcomatoid 0 (0%) 0 (0%) 0 (0%) 12 (16%) 5 (12%) 7 (22%)
Pathological stage®"”

Complete response 2 (2%) 2 (10%) N/A

I 5 (6%) 2 (3%) 3 (14%) N/A

II 18 (21%) 9 (14%) 9 (43%) N/A

I 54 (64%) 47 (73%) 7 (33%) N/A

v 6 (7%) 6 (9%) 0 (0% N/A

Median OS (months)

18.86 (0.07—122.41) 15.28 (0.07—90.48) 26.64 (0.07—122.41)

7.62 (0.33—224.82) 8.64 (0.33—224.82) 7.21 (0.56—79.74)

a Statistically different between patients with RNA and patients without RNA (defined as p < 0.05 in Mann—Whitney Test or Kaplan—Meier

Analysis for OS).

b Pathological stage was determined according to the American Joint Committee on Cancer Staging System (Edge et al., 2010).

using the PALM system (Zeiss, Jena, Germany), and captured
tumor tissue was collected into adhesive collection tubes.
Samples were deparaffinized in xylene and RNA isolated using
the RNeasy FFPE Mini Kit (Qiagen, Hilden, Germany) following
the manufacturer’s instructions. The resulting RNA was quan-
tified using a Nanophotometer (Implen, Munich, Germany)
with readings at 260 and 280 nm. The quality of the small
RNA component was assessed by capillary electrophoresis us-
ing Small RNA Chips run on an Agilent Bioanalyzer (both Agi-
lent Technologies, Santa Clara, CA, USA) to ensure presence of
an intact microRNA fraction. RNA was considered to be of suf-
ficient quality if (i) 260/280 ratios were above 1.7; (ii) the pro-
portion of miRNA in the sample was above 20% and (iii) the
endogenous control RNU6B amplified at a quantification cycle
(Cq) <33.

2.3.  MicroRNA microarray analysis

MicroRNA profiling was performed on 100 ng of total RNA
from each sample using the Agilent Technologies Human
8 x 15 k miRNA MicroArray Kit V3 (miRBase V12.0) as per
manufacturer’s instructions with hybridization to the array
slides for 22 h. Hybridized array slides were stored in nitro-
gen gas until scanning (within 48 h) on an Agilent C Micro-
Array Scanner at the Ramaciotti Centre for Genomics at the
University of New South Wales, Sydney. Raw array data
were extracted using the Agilent Feature Extraction soft-
ware (V10.5). Expression analyses were performed applying
the guided workflow setting in GeneSpring 12.1 software.
Data processing involved thresholding of signal values to
1, transformation into log base 2, and normalization by shift
to the 90th percentile without applying baseline transfor-
mation. All expression data has been deposited in the
National Centre for Biotechnology Information (NCBI) Gene
Expression Omnibus (Edgar et al., 2002) under accession
GEO: GSE59180.

2.4. RT-gPCR

RT-gPCR for selected candidates was performed using stem-
loop primers and hydrolysis probes (Life Technologies, Carls-
bad, CA, USA; see Suppl. Table 2 for assay IDs) as described
previously (Kirschner et al., 2012, 2013) and in the supple-
mental material. RNU6B was measured as endogenous con-
trol, and data were analyzed applying a variation of the
2724C4 method (Livak and Schmittgen, 2001):

(I) For each sample: ACqx = CQmicrorna — CArnues

(I1) For each microRNA: ACQavg = mean ACq of all samples
(in the set)

(I11) For each sample: 2744C4 = 274CAx~ACAVE _ iR — X 0y

2.5. Pathway analysis

To test the biological relevance of the prognostic microRNAs
identified, we utilized pathway enrichment analysis of their
target genes (identified by TargetScan 5.2) in order to determine
gene modules associated with the altered microRNAs. These
analyses were performed using Partek Genomics Suite 6.5 (Par-
tek Inc, St. Louis, MO, USA). The Database for Annotation, Visu-
alization, and Integrated Discovery [DAVID (Huanget al., 2008)]
was used to identify enrichment in Gene Ontology (GO) Terms
regulated by the identified microRNAs and their target genes.

2.6.  Statistical analysis

Overall survival (OS) was calculated from the time of surgery
to time of death or last follow-up. Patients alive at time of
analysis or lost to follow-up were censored to the last date
of follow-up. Differences in relative expression levels on the
microarray were assessed by two-tailed independent samples
t-tests with the Benjamini—Hochberg False Discovery Rate
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(FDR) correction. Biological significance was determined as a
difference in expression of more than +2-fold between
groups. In the training set, the median expression of each
candidate was used as cut-off to dichotomize into low and
high expression to assess the association of each microRNA
with OS using the Kaplan—Meier log-rank method. Individu-
ally significant microRNAs were entered into a multivariate
Cox regression model together with the established risk fac-
tors of histological subtype, age and gender. Binary logistic
regression with backward selection on likelihood ratio to
determine best fit (inclusion cut-off: P < 0.05, exclusion cut-
off: P > 0.1) was used to build a microRNA signature (on
continuous variables) able to predict good prognosis (defined
as OS of >20 months). This provides a formula to predict the
probability of good prognosis [Eq. (IV)]:

LOglt(P) = bo + b1X1 + bzXz + ...+ ann (IV)

where P is the probability of good prognosis, X; — X, are the
predictor variables (microRNAs), b; — by, the regression coeffi-
cients, and b, the intercept (or constant). Predicted probabili-
ties were entered into receiver operating characteristic (ROC)
curve analysis without bootstrapping to determine the accu-
racy of the signature (miR-Score) as well as the optimal
cut-off score for good prognosis. Five hundred bootstrap re-
samples were then generated and used to derive robust esti-
mates for the average area under the curve (AUC) and Confi-
dence Intervals (CIs). A clinical score and a combined
clinical/miR-Score were built using straightforward logistic
regression without further selection, and using >20 months
survival as dependent variable using each factor (age, gender,
histotype, and miR-Score) as binary variable. Cut-off score-
values for dichotomization into good and bad prognosis
were chosen as the score-value associated with the highest
achievable sensitivity and specificity. Forest plots of odds
ratios (OR) from logistic regression were used to compare
the ability of individual microRNAs (continuous variables),
clinical factors and the different scores (all as categorical vari-
ables) to predict survival of >20 months. Unadjusted and
adjusted (microarray) P-values of <0.05 were considered sig-
nificant. All analyses on RT-qPCR data were performed using
SPSS V21 (SPSS Inc, Chicago, Il, USA) and R v3.1.0. An overview
of the study design and the use of the different samples are
provided in Suppl. Figure 1.

3. Results

3.1.  MicroRNA profiling identifies candidate microRNAs
with differential expression between long and short
survivors

Microarray-based profiling performed on tumor samples from
8long and 8 short survivors identified 16 microRNAs that were
differentially expressed (>2-fold) between the two groups
(Suppl. Table 3). Twelve microRNAs were present at signifi-
cantly lower levels in tumors from long survivors, whereas
four were present at higher levels. Of these 16 microRNAs, 6
remained significant after Benjamini—Hochberg correction
(Suppl. Table 3), namely miR-21-5p, -210-3p, -221-3p, -27a-
3p, -93-5p, and 23a-3p, all of them present at lower levels in

the group of long survivors. Candidates for validation by RT-
gPCR were selected on the basis of the following criteria: (i)
significant after Benjamini—Hochberg correction; (ii) signifi-
cant before Benjamini—Hochberg and fold-difference between
groups >2.0; (iii) classification as microRNA in miRBase v19
and (iv) availability of a hydrolysis probe. This resulted in 14
candidates for validation (Suppl. Table 3), to which we added
microRNAs previously associated with prognosis [miR-29c-
5p, -31-5p (Ivanov et al., 2010; Pass et al., 2010)] or diagnosis
[miR-106a-5p, -126-3p, -625-3p, -92a-3p (Busacca et al., 2010;
Kirschner et al., 2012; Santarelli et al., 2011)] for MPM patients.
We also included miR-23a-3p and -24-3p as these microRNAs
are expressed on the same transcript as miR-27a-3p.
Technical validation using RT-qPCR was performed on
those samples from the discovery set (6 long and 6 short sur-
vivors) for which sufficient RNA remained following microar-
ray studies. RT-qPCR validation included a total of 21
microRNAs (14 array candidates + 7 linked to MPM) of which
only miR-298 was not detectable by RT-qPCR and was subse-
quently excluded from further analyses. For the remaining
13 array candidates overall trends for differential expression
were confirmed, with miRs-23a-3p, -30e-5p, and -21-5p reach-
ing statistical significance (Suppl. Table 3). While some of the
previously identified microRNAs showed differential expres-
sion, none reached statistical significance. Due to the rela-
tively low number of samples in the discovery set, all
selected candidates were included in the training set.

3.2 Nine candidate microRNAs are associated with
prolonged survival in mesothelioma patients undergoing
radical surgery (EPP)

Following measurement of microRNA levels in the training
set, samples were dichotomized into low and high expression
based on the median expression of each microRNA observed
across all 48 samples. Categorized microRNA expression as
well as established prognostic factors such as, histological
subtype, age, gender and stage were entered into log-rank
regression models, and differences in survival were assessed
using the Kaplan—Meier method. Only histological subtype
(Figure 1A) and gender (Figure 1C), but not age (Figure 1B) or
stage (Figure 1D), were associated with survival in this cohort.
Examining the survival curves for each microRNA revealed
that lower expression of 9 of these was significantly associ-
ated with up to 14.9 months longer OS. The best candidates
identified by univariate analysis were miR-17-5p (Figure 1E,
28.2 vs 13.3 months, HR 2.59, P = 0.006), miR-21-5p
(Figure 1F, 24.2 vs 9.4 months, HR 2.84, P = 0.002), and miR-
19b-3p (Figure 1G, 24.2 vs 10.3 months, HR 1.97, P = 0.039).
Using multivariate Cox regression analysis including histo-
logical subtype, gender, age (dichotomized at age 60) and the
respective microRNAs, miR-21-5p, miR-19b-3p, miR-625-3p
(Figure 1H), and miR-106b-5p remained significant (Table 2).

3.3. A 6-microRNA signature (miR-Score) is associated
with prolonged survival in mesothelioma patients
undergoing EPP

While establishing an association between lower expres-
sion of certain microRNAs and prolonged survival (up to
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Figure 1 — Kaplan—Meier analysis of clinical factors and microRNAs in the training set (V = 48). Kaplan—Meier analyses based on (A) tumor
histology (HR for biphasic histology = 1.89, P = 0.052), (B) age (dichotomized at 60 y; HR for > 60 years = 1.13, P = 0.716), (C) gender (HR
for male gender = 2.96, P = 0.025), or (D) pathological stage (HR of 1.52 (P = 0.316) for stage III + IV). (E—H) For Kaplan—Meier analysis of
microRNAs patients were stratified into high and low expression based on the median expression across all tumors as cut-off. Higher tumor
microRNA expression was associated with shorter survival for (E) miR-17-5p, (F) miR-21-5p, (G) miR-19b-3p, and (H) miR-625-3p.

15 months longer in the good prognosis group) is a step for-
ward, the real question is how accurately these microRNAs
can predict prolonged survival. With the median OS for the
complete cohort being almost 19 months and a median OS
of around 23 months being reported for multimodality
treatment (van Meerbeeck et al., 2011), we chose 20 months
OS as cut-off for good prognosis. To evaluate the ability of
each of the microRNAs to predict this, we entered each
(as continuous variable) into binary logistic regression
models with >20 months survival as desired outcome.
None of the microRNAs, nor any of the established risk fac-
tors were significant in univariate models (Suppl. Table 4).
Since combinations of predictors (signatures) can show
significantly improved predictive accuracy compared to sin-
gle factors we investigated the performance of multivariate
binary logistic regression models, using backward selection
starting with all 20 microRNAs. This approach resulted in a
final model consisting of six microRNAs (miR-21-5p, -23a-
3p, -30e-5p, -221-3p, -222-3p, and -31-5p). The model for-
mula is given by Eq. (V):

Logit(P) = 1.754 — 5.066"MiR — 21 — 5Py, + 3.964'miR — 23a
— 3Pexpr — 2.262°MiR — 30e — 5pexpr — 2.532*°mMiR
— 221 — 3Pexpr + 2.192'MiR — 222 — 3peypr
+0.425"miR — 31 — S5pexpr-

V)
To assess the prognostic potential of the 6-microRNA
signature (miR-Score), ROC curve analysis on predicted prob-
abilities was performed, resulting in an AUC of 0.867 (95% CI:
0.76—0.96, Figure 2A), and an average AUC 0f 0.922 (SE =0.053,
Figure 2B) after bootstrapping 500 re-samples. To categorize a
patient into the good or poor prognosis group (according to
miR-Score) we chose the probability value with highest sensi-
tivity and specificity, resulting in a cut-off score of 0.44 with
82.4% sensitivity and 80.6% specificity. Kaplan—Meier anal-
ysis (Figure 2C) comparing miR-Scores showed a highly sig-
nificant difference (22.9 months) between the miR-Score
positive and negative groups. Score-positivity was associated
with an odds ratio of 19.44 (95% CI: 4.20—90.03, P = 0.0001) for
survival of >20 months (Suppl. Table 4).
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Table 2 — Summary of univariate and multivariate Cox regression analysis of microRNAs in training set (V = 48).

Univariate analysis Multivariate analysis
HR 95% CI P-value HR 95% CI P-value
hsa-miR-21-5p 2.84 1.48-5.45 0.002 3.35 1.66—6.75 0.001
hsa-miR-17-5p 2.59 1.31-5.11 0.006 2.03 0.96—4.28 0.063
hsa-miR-662 23 1.16—4.56 0.017 2.01 0.99—4.06 0.052
hsa-miR-20a-5p 2.25 1.16—4.36 0.016 1.64 0.81-3.35 0.173
hsa-miR-625-3p 2.16 1.12-4.16 0.022 2.23 1.12-4.41 0.022
hsa-miR-27a-3p 2.12 1.11-4.06 0.024 1.85 0.85—3.98 0.113
hsa-miR-106a-5p 211 1.09-1.05 0.027 1.55 0.77-3.10 0.218
hsa-miR-210-3p 2.01 1.05—3.86 0.035 1.45 0.73—2.88 0.286
hsa-miR-19b-3p 1.97 1.04-3.76 0.039 2.01 1.03—3.94 0.042
hsa-miR-24-3p 1.77 0.93-3.37 0.081 1.65 0.85—3.20 0.137
hsa-miR-23a-3p 1.52 0.80—2.86 0.198 1.24 0.62—2.51 0.546
hsa-miR-222-3p 1.40 0.74—2.65 0.295 1.35 0.71-2.55 0.365
hsa-miR-30e-5p 1.26 0.67—2.37 0.471 1.78 0.89—3.53 0.102
hsa-miR-106b-5p 1.25 0.68—2.43 0.442 2.53 1.21-5.29 0.014
hsa-miR-93-5p 1.24 0.66—2.33 0.504 1.31 0.69—2.49 0.402
hsa-miR-221-3p 1.21 0.64—2.28 0.555 0.99 0.51-1.93 0.973
hsa-miR-92a-3p 1.15 0.61-2.17 0.660 1.01 0.53—1.90 0.989
hsa-miR-31-5p 1.06 0.57—-2.00 0.849 0.97 0.50—1.90 0.939
hsa-miR-29¢c-5p 0.97 0.52—-1.82 0.921 1.33 0.69—2.57 0.392
hsa-miR-126-3p 0.95 0.51-1.80 0.884 0.88 0.43-1.82 0.726

Samples were grouped into low and high expression based on the median expression of the complete set (N = 48). Hazard Ratios (HR) were esti-
mated using univariate and multivariate Cox regression models. In the multivariate model single microRNAs were entered together with the
clinical factors histological subtype, age and gender. HRs represent the estimated risk for patients with high expression of the respective micro-
RNA. MicroRNAs significant in multivariate analysis are presented in bold.
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Figure 2 — Performance of the 6-microRNA signature (miR-Score). (A) The predictive accuracy of the miR-Score was assessed using ROC curve
analysis. (B) The average ROC curve after bootstrapping 500 re-samples. (C) Kaplan—Meier analysis after stratification by miR-Score (HR for score-
negative patients = 4.12, P = 0.00009). (D) ROC curve analysis of a Clinical Score (dotted line) and a combined Clinical/miR-Score (solid line).
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To evaluate whether adding the miR-Score to the estab-
lished clinical risk factors resulted in improved predictive
accuracy, we compared ROC curves obtained from straight-
forward logistic regression models consisting of (i) clinical
factors only and (ii) clinical factors plus the miR-Score
(Figure 2D). The addition of the miR-Score (as a binary vari-
able) to the model increased the AUC from 0.601 (95% CI:
0.437—0.764) to 0.844 (95% CI: 0.707—0.982). Bootstrapping
500 re-samples, and obtaining the difference between the
AUC for the clinical model and the clinical/miR-Score model
revealed that including the miR-Score increased the AUC by
an average of 0.212 points (SE = 0.069). Comparing the pre-
dicted and observed outcomes for each individual case
showed that addition of the miR-Score to the prediction
model resulted in re-classification of 16 patients into the cor-
rect group (good or poor prognosis), which outweighed the
incorrect re-classification of three patients. Of the 4 cases
that were classified incorrectly by every prediction model,
the actual survival for 3 of them was within two months of
the 20-month cut-off (data not shown). Investigating a
possible connection between the miR-Score and histological
subtype or induction chemotherapy revealed no significant
differences in score levels between the respective subgroups
(data not shown).

3.4.  The miR-Score is also associated with prolonged
survival in mesothelioma patients receiving palliative
surgery

Independent validation of the miR-Score was performed using
tumor samples from patients undergoing palliative P/D. Uni-
variate Kaplan—Meier analyses (Figure 3A—C) showed that
there were significant differences in survival between histo-
logical subtypes (15.4 [epithelioid] vs 5.7 [biphasic] vs 3.8
months [sarcomatoid], P = 0.00001), and gender (8.6 months
[male] vs 7.6 months [female], P = 0.047), but not for age
(10.8 [<60] vs 6.5 months [>60], P = 0.155). Although both
miR-21-5p (P = 0.025) and miR-221-3p (P = 0.017) were signifi-
cantly associated with prolonged survival in univariate logis-
tic regression (Figure 3D), the miR-Score again outperformed
single microRNAs with an OR of 9.72 for score-positivity
(95% CI: 1.70-55.75, P = 0.011, Figure 3D). ROC curve analysis
of the miR-Score then showed that in this set of patients the
microRNA signature was able to predict a good prognosis
with an accuracy of 71.9% (AUC 0.719, 95% CI: 0.535—0.902,
Figure 3E). MiR-Score-positivity was associated with a survival
benefit of 8.9 months (Figure 3F, 15.4 vs 6.5 months, P = 0.044).
Comparing models containing (i) clinical factors only; or (ii)
clinical factors and the miR-Score, showed that the miR-
Score improved accuracy in terms of AUC, from 0.763 to
0.873 (Figure 3G) without reaching statistical significance in
this cohort. Comparison of ORs for clinical prognostic factors
and the miR-Score confirmed the superior performance of
the miR-Score and the combined clinical/miR-Score (OR for
score-positivity = 26.00; 95% CI: 2.81-240.53) over the clinical
factors alone (Figure 3H). Furthermore, addition of the miR-
Score resulted in correct re-classification of 10 patients,
compared to incorrect re-classification of only one. For the
six cases that were classified wrong by each model, no com-
mon pattern could be observed.

3.5.  MiR-score microRNAs target genes in pathways
implicated in MPM development

Pathway enrichment analysis was performed based on the
target genes of (i) the 6 microRNAs of the miR-Score and (ii)
the 11 microRNAs for which expression was found to be asso-
ciated with survival. Both analyses showed significant enrich-
ment of regulatory pathways whose dysregulation has
previously been linked to MPM (de Assis et al., 2014): Wnt
signaling pathway (miR-Score: P = 7.33 x 107°, 11-miRs:
P = 349 x 1077); Hippo signaling pathway (miR-Score:
P =6.32 x 107 11-miRs: P = 1.73 x 10~%); PI3K/Akt signaling
pathway (miR-Score: P = 9.66 x 103, 11-miRs:
P = 113 x 107%); and pathways in cancer (miR-Score:
P =2.88 x 107%, 11-miRs: P = 3.29 x 107°). In addition, analysis
based on the 11 microRNAs associated with survival also
showed enrichment in the mTOR (P = 1.58 x 10~°) and Hedge-
hog (P = 2.22 x 1073) signaling pathways. Functional analysis
using DAVID showed enrichment of the GO terms regulation
of transcription, gene expression, and translation. A summary
of enriched pathways is provided in Table 3.

4. Discussion

Ideally a prognostic factor should allow the clinician to opti-
mally tailor the treatment for an individual patient. For a ma-
lignant disease such as MPM with limited response to the few
available treatment options, a personalized approach is
particularly relevant. This would also ensure that radical
treatment is only offered to patients who are likely to benefit.
Towards this end, we have conducted a systematic investiga-
tion of microRNA expression in MPM, identifying the miR-
Score, a 6-microRNA signature able to predict survival out-
comes. To our knowledge, this is the first study in MPM to
identify a microRNA signature-based prognostic factor with
the potential to predict prolonged survival in MPM patients
undergoing surgery.

Although epithelioid histology, good performance status,
younger age and earlier stage predict survival and are
currently used to select patients for radical multimodality
treatment, the outcomes are highly variable and range from
a few months to more than 2 years (Cao et al., 2012, 2010;
Treasure et al.,, 2011; van Meerbeeck et al., 2011). Thus it
may be theorized that our inability to accurately identify pa-
tients likely to benefit from radical multimodality treatment
approaches may have masked any advantages of intensive
therapy in MPM.

New prognostic factors have become available (Bitanihirwe
et al,, 2014; Cedres et al.,, 2012; Kao et al., 2011; Opitz et al,,
2008; Pass et al., 2010; Schramm et al., 2010) but so far they
have failed to provide the accuracy needed for careful patient
selection. Several recent studies have highlighted the impor-
tance of microRNA regulation in MPM biology (Gee et al.,
2010; Guled et al., 2009; Ivanov et al., 2010; Kubo et al., 2011,
Pass et al., 2010; Reid et al., 2013). Evaluating the prognostic
potential of microRNA expression signatures in a previously
reported surgical series consisting of patients undergoing
EPP (Kao et al., 2011), we have identified a 6-microRNA-signa-
ture (miR-Score) consisting of miR-21-5p, -23a-3p, -30e-5p,
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Figure 3 — Validation of the miR-Score in the P/D Cohort (V = 43). Kaplan—Meier analysis for the validation set based on (A) tumor histology
(HRs: 3.93, P = 0.004) for biphasic and 8.55 (P = 0.002) for sarcomatoid); (B) stratification by age (HR for patients aged >60 = 1.63,

P = 0.159); and (C) gender (HR for male = 2.44, P = 0.050). (D) Comparison of ORs for prediction of good prognosis. (E) ROC curve analysis
of the miR-Score. (F) Kaplan—Meier analysis after stratification based on score-positivity (HR for miR-Score negativity = 1.93, p = 0.047). (G)

ROC curve analysis of a Clinical Score (dotted line) and a combined Clinical/miR-Score (solid line). (H) OR comparison between scores derived

from the clinical factors and the miR-Score.

-221-3p, -222-3p, and -31-5p, which accurately classified 92.3%
of EPP patients into good and poor prognosis. Comparison of
prediction models consisting of clinical prognostic factors
alone or clinical factors combined with our miR-Score showed
that the addition of the miR-Score resulted in an increase in
predictive accuracy from 60.1 % to 84.4 %. The miR-Score
was also able to predict prolonged survival in a second series
of samples from patients undergoing palliative surgery (P/D)
with an accuracy of 71.9%, and did not seem to be affected
by increased variation of histological subtype, age distribu-
tion, and performance status. Thus, the miR-Score appears
to have prognostic significance in MPM patients but still re-
quires additional validation in a prospective study and in
pre-treatment samples.

So far, few studies have aimed to identify microRNA-based
prognostic markers for MPM. In an early cellline-based study in
which a small set of tumor tissues was analyzed, lower expres-
sion of miR-30c and miR-17-5p was found to correlate with bet-
ter survivalin sarcomatoid mesothelioma (Busaccaetal., 2010).
Similarly, we found lower expression of miR-30e-5p [together
with miR-30c member of a microRNA family regulating TP53
expression (Li et al., 2010)] and miR-17-5p associated with
longer survival in our series, suggesting that low expression
of these microRNAs may also be associated with survival of
MPM patients with other histological subtypes. In a subsequent
study, miR-29c-5p was found to be associated with survival of
patients undergoing surgery, along with two additional micro-
RNAs (miR-221-3p and miR-210-3p) that failed to remain
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Table 3 — Enriched KEGG pathways for the 6 miR-Score microRNAs and the 11 microRNAs associated with survival.

Enriched KEGG pathway

miR-score (6-microRNAs)

11 microRNAs

# of genes targeted by Enrichment # of genes targeted by Enrichment
miRs in this pathway P-value miRs in this pathway P-value
Axon guidance 44 1.14 x 10~ 66 2.16 x 10°°
Regulation of actin cytoskeleton 57 2.03 x 10°° 86 6.50 x 10°°
Wnt signaling pathway 37 7.33 x 107 61 3.49 x 1077
Endocytosis 54 240 x 10°* 91 8.54 x 10~/
Pathways in cancer 86 2.88 x 10°* 137 3.29 x 10
Glutamatergic synapse 32 5.04 x 10~* 50 5.96 x 10~°
Renal cell carcinoma 25 6.00 x 107* 38 1.36 x 107*
Hippo signaling pathway 40 6.32 x 10°* 69 1.73 x 10°°
Adherens junction 27 6.54 x 107* 35 7.10 x 1072
Focal adhesion 51 6.75 x 10°* 80 1.30 x 10°*
mRNA surveillance pathway 25 9.81 x 107* 37 5.48 x 107*
Tight junction 35 1.67 x 1072 47 1.60 x 1072
SNARE interactions in vesicular transport 12 242 x 1072 18 6.37 x 10°*
Proteoglycans in cancer 58 248 x 1072 100 1.63 x 107°
ErbB signaling pathway 29 2.89 x 1072 48 1.35 x 107*
Phosphatidylinositol signaling system 21 2.99 x 1072 37 223 x 10°°
Bacterial invasion of epithelial cells 21 3.12 x 1072 28 1.33 x 1072
Morphine addiction 20 3.60 x 1073 41 1.45 x 10~/
Retrograde endocannabinoid signaling 26 3.96 x 1072 46 2.80 x 107°
Transcriptional misregulation in cancer 46 420 x 1073 71 2.65 x 1072
GABAergic synapse 21 432 x 103 37 445 x10°°
Glycosaminoglycan biosynthesis — chondroitin 8 6.58 x 1072 9 4.01 x 1072
sulfate/dermatan sulfate
Arrhythmogenic right ventricular cardiomyopathy 22 6.77 x 1072 29 372 x 1072
(ARVCQ)
Inositol phosphate metabolism 16 8.63 x 1073 26 1.14 x 1072
PI3K-Akt signaling pathway 72 9.66 x 103 119 113 x 1072

The top 25 pathways from the analysis of 6 miR-Score microRNAs are included. Enrichment p-values and number of predicted microRNA target
genes within these pathways are provided for both the 6-microRNA and the 11-microRNA analyses.

significant after adjustment for FDR (Pass et al., 2010). In gen-
eral agreement with these results, our study identified
miR-221-3p as part of the miR-Score, and miR-210-3p as the
best performing single microRNA predictor of good prognosis
(P = 0.079). A formal comparison with our results is compli-
cated by the fact that some clinical information (e.g. surgical
procedure, tumor enrichment) was not reported. Nevertheless,
the results reported here have identified the same microRNA
families as previous studies (Busacca et al., 2010; Pass et al.,
2010), confirming the importance of these in MPM biology.
MicroRNAs are important players in cellular homeostasis,
and dysregulation of microRNAs has been consistently linked
to the development and progression of cancer (Esquela-
Kerscher and Slack, 2006; Garzon et al., 2009; Ruan et al.,
2009; Stahlhut and Slack, 2013). This may also be applicable
to the prognostic microRNAs identified in the present study,
and it is likely that the dysregulation of these microRNAs
has contributed to tumor progression. The microRNA signa-
ture is best described as a combination of microRNAs with
complementary prognostic value. Therefore it is not surpris-
ing that the signature includes microRNAs which did not
exhibit convincing correlation with survival in univariate
analysis. Conversely, despite strong correlations between sur-
vival and expression miR-17-5p was not included in the miR-
Score as the information contained in its expression levels
was similar to that of miR-21-5p. Nevertheless, microRNAs

differentially expressed in long and short survivors but not
part of the signature are likely to contribute to the progression
of the disease. This is reflected by the fact that many of the
microRNAs identified in this study have been linked to devel-
opment (Esquela-Kerscher and Slack, 2006; Garzon et al., 2009;
Ruan et al., 2009; Stahlhut and Slack, 2013) and prognosis
(Kneitz et al., 2014; Menendez et al., 2013; Nair et al., 2012;
Qu et al., 2014) of other cancers. For example miR-21-5p,
miR-221-3p and members of the miR-17 ~92 cluster (miR-17-
5p, miR-19b-3p, and miR-20a-5p) have been shown to regulate
PTEN protein expression, and modulate the PI3K/Akt signaling
axis (Concepcion et al., 2012; Pan et al., 2010). Loss of PTEN
expression has been linked to poor prognosis in MPM patients
(Bitanihirwe et al., 2014; Opitz et al., 2008; Schramm et al,,
2010), and a recent study showed that loss of PTEN expression
during chemotherapy was associated with worse survival out-
comes (Bitanihirwe et al., 2014). As the aforementioned micro-
RNAs target PTEN, and higher expression of these microRNAs
was found to be associated with shorter survival, it is plausible
to speculate that loss of PTEN is a result of increased micro-
RNA expression, providing a direct link between them and
the PI3K/Akt pathway. This is further supported by the fact
that target genes within the PI3K/Akt signaling were signifi-
cantly over-represented in our pathway enrichment analysis,
with 119 genes within the pathway being targeted by the
microRNAs associated with survival in this study.
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A microRNA with a previously reported link to MPM is miR-
31-5p (Ivanov et al., 2010). Loss of MIR31 via the common dele-
tion of the locus at 9p21.3 in MPM was shown to have pro-
tumorigenic effects, and re-introduction of this microRNA
inhibited proliferation and invasion in vitro (Ivanov et al.,
2010). Consistent with these data, we have identified expres-
sion of miR-31-5p to be predictive of prognosis. In addition,
expression levels of other microRNAs identified in this study
are associated with prognosis in other cancers (Esquela-
Kerscher and Slack, 2006; Garzon et al., 2009; Ruan et al.,
2009; Stahlhut and Slack, 2013). That similar microRNAs are
linked to prognosis for a variety of cancer types suggests
that their dysregulation is a common ‘cancer phenotype’
which leads to progression of the disease through disruption
of cell homeostasis. Our pathway analyses show that the
target genes of these microRNAs are involved in pathways
previously linked to MPM in the literature, such as the Wnt
and Hippo signaling networks (de Assis et al., 2014; Sekido,
2011). This suggests the possibility for these microRNAs to
serve as therapeutic targets for MPM using, for example, the
targeted delivery strategy we have recently shown to be effec-
tive in restoring levels of miR-16 in an MPM tumor model (Reid
et al., 2013).

Our results suggest that the miR-Score has promise as a
prognostic factor. Nevertheless, there are some limitations
to the present study. All of the prognostic calculations have
been done in retrospect from relatively small sample numbers
and sufficient RNA could not be isolated from all samples.
However, comparison of baseline characteristics of patients
with and without RNA showed that except for the distribution
of pathological staging in the EPP cohort, there were no major
differences between the respective groups. The discrepancy in
pathological staging did not affect the overall analysis as we
deliberately excluded this clinical factor from analysis,
because this information will only be available after surgery.
That both cohorts are from a single institution with most sur-
geries (all EPPs and 71% of P/Ds) being performed by a single
surgeon could be considered as a confounding factor, howev-
er, it has been suggested that in the case of EPP in particular
surgery should only be performed by experienced hands in a
high volume centre (Burt et al., 2014; Cao et al., 2010). Although
the lack of a validation cohort receiving the same treatment as
the training cohort, namely EPP, could be considered a poten-
tial weakness of our study, the fact that our miR-Score can
also predict prognosis in patients undergoing P/D, suggests
that the miR-Score has general prognostic value.

As for any microRNA-based test, translation of our miR-
Score into a clinically useful tool to be applied on a patient-
by-patient basis presents minor technical challenges. The
miR-Score was developed based on a comparison of individual
patients relative to all patients in the series. However, if the
distribution of patients with good and poor prognosis in inde-
pendent cohorts does not vary from that observed in the pre-
sent study, the patient series described here could be used as
universal reference for any patient investigated in the future
[consistent with the approach used in the miRView tests
developed by Rosetta Genomics (Gilad et al., 2012; Meiri
et al., 2012; Spector et al., 2013)]. Alternatively, absolute quan-
tification of microRNA levels could be used in a clinical setting.
For such an approach digital PCR would be more suitable than

RT-qPCR as this technology provides higher accuracy in abso-
lute measurements (Hindson et al,, 2013). Despite these
caveats, the ability of our miR-Score to accurately predict
outcome both in patients treated with EPP/multimodality
treatment and in those treated with palliative intent warrants
further validation.

In summary, this study has identified a novel 6-microRNA
signature, named the miR-Score, which has an accuracy of
92.3% in predicting survival of >20 months following EPP
and 71.9% following palliative P/D. Addition of the miR-Score
to currently used clinical factors resulted in models with
increased predictive accuracy compared to the clinical factors
alone for both patient groups. Thus the miR-Score addresses
the unmet need for reliable markers to accurately predict pro-
longed survival of MPM patients, and is a novel tool ready to be
tested in a prospective fashion.
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