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Background: In the absence of targetable mutations or immune checkpoints, cisplatin-doublet 
chemotherapy remains the standard of care in non-small cell lung cancer (NSCLC). Drug resistance has 
however become a significant clinical challenge. Exploring a role for small non-coding microRNAs (miRNA) 
as biomarker candidates in cisplatin resistant (CisR) lung cancer is lacking and warrants further investigation. 
Methods: miRNA expression profiling was assessed in a panel of cisplatin sensitive and resistant NSCLC 
cell lines and validated by qPCR. Modulation of altered miRNAs was studied using antagomiRs and pre-
miRs while functional assays were used to assess cisplatin response. The translational relevance of these 
miRNAs as potential biomarkers was assessed in serum and matched normal and tumour lung tissues from 
chemo-naïve NSCLC patients, in addition to xenograft formalin-fixed paraffin-embedded (FFPE) tumours 
derived from cisplatin sensitive and resistant cell lines.
Results: Differential expression of a 5-miR signature (miR-30a-3p, miR-30b-5p, miR-30c-5p, miR-34a-
5p, miR-4286) demonstrated their ability to distinguish between normal and tumour lung tissue and between 
NSCLC histologies. In squamous cell carcinoma (SqCC), tissue miRNA expression was associated with poor 
survival. miR-4286 showed promise as a blood-based diagnostic biomarker that could distinguish between 
adenocarcinoma and SqCC histologies. In a xenograft model of cisplatin resistance, using 7-9 week old 
female NOD/SCID mice (NOD.CB17-Prkdcscid/NCrCrl), a 5-miRNA panel showed altered expression 
between sensitive and resistant tumours.
Conclusions: This study identified a panel of miRNAs which may have diagnostic and prognostic potential 
as novel biomarkers in lung cancer and furthermore, may have a predictive role in monitoring the emergence 
of resistance to cisplatin. 
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Introduction

Lung cancer is the leading cause of cancer-related death 
worldwide, accounting for 18.4% of cancer deaths in 2018 
(1,2). Non-small cell lung cancer (NSCLC) accounts for 
approximately 85% of lung cancers (3,4). NSCLC consists 
of two main histological subtypes, adenocarcinoma (ADC) 
and squamous cell carcinoma (SqCC). Large cell carcinoma 
(LCC) is largely considered a pathological diagnosis of 
exclusion and accounts for <10% of cases (5). Despite 
significant advances in the management of NSCLC over 
the past number of years as a result of biomarker-driven 
therapy, 5-year survival rates remain poor at <16%. This is 
attributable, at least in part, to the emergence of acquired 
drug resistance during treatment (4). The high mortality 
rate associated with NSCLC is a result of the absence of 
suitable screening programmes (6), a lack of emerging 
personalised therapeutics beyond targeted therapies such as 
EGFR (7) and ALK inhibitors (8) and the current inability 
to stratify patients based on inherent or acquired resistance 
to conventional chemotherapeutic drugs prior to, and 
during, chemotherapy. Since its FDA-approval, cisplatin 
has represented a major landmark in the success of anti-
cancer therapeutics (9). Although NSCLC patients show 
an initial response to cisplatin, the majority of patients 
eventually relapse. The identification of biomarkers that 
can stratify patients into responders or non-responders, 
thereby avoiding toxic side-effects associated with platinum-
containing regimens, could be of great clinical benefit to 
lung cancer patients (10).

There exists a significant body of evidence linking the 
dysregulation of miRNAs with the initiation and progression 
of lung cancer, in addition to the clinical application of 
miRNAs in the diagnosis and prognosis of this cancer 
type (11). More recently, the aberrant expression of these 
miRNAs has been associated with therapeutic resistance (12). 
Elucidating the role of miRNAs as tumour suppressors and 
oncogenes may identify potential therapeutic targets in the 
treatment of lung cancer. The same is true for identifying a 
role for miRNAs in therapeutic resistance, the targeting of 
which, may induce sensitivity to current therapies. To date, 
a number of studies have reported a link between miRNAs 
and resistance to chemotherapeutic drugs and radiotherapy 
in different cancer types, including lung cancer (13). In a 
study examining the ability of exosomes to increase cisplatin 
resistance of recipient cells, miRNA expression profiles 
of A549 cells and exosomes derived thereof, identified 
the downregulation of miR-100-5p as a key miRNA in 

the development of resistance via regulation of its target, 
mammalian target of rapamycin (mTOR). Exosomes were 
shown to confer resistance of recipient cells to cisplatin 
via an exosomal miR-100-5p-dependent manner in vitro 
and in vivo (14). Expression profiling of miRNAs in two 
drug-resistant NSCLC cell lines [cisplatin resistant (CisR) 
A549 cells and gefitinib resistant HCC827 cells] identified 
29 miRNAs that were upregulated and 36 miRNAs that 
were downregulated, the majority of which were found 
to be involved in Ras signalling (15). In NSCLC patients 
harbouring EGFR mutations, Yin et al. reported the clinical 
significance of let-7 and miR-17 in resistance to gefitinib in 
PC9 resistant cells (16). Mechanisms regulating radiation 
resistance in NSCLC have also been reported and have 
shown that overexpression of miRNAs such as miR-9, 
increases radiosensitivity of A549 cells via inhibition of cell 
proliferation, apoptosis and migration. It was found that the 
promoter methylation status of miR-9 was also increased in 
response to ionising radiation (17).

In addition to their functional role in cancer initiation, 
progression and response to anti-cancer therapeutics, 
we hypothesise that miRNAs may have diagnostic, 
prognost ic  and predict ive  potent ia l .  This  s tudy 
investigated the functional role and biomarker potential 
of miRNAs in NSCLC using a unique isogenic in vitro 
model of cisplatin resistance representing all NSCLC 
histological subtypes, formalin-fixed paraffin-embedded 
(FFPE) tumour tissues derived from a xenograft model 
of resistance, in addition to examining the translational 
relevance of these miRNAs in matched normal and 
tumour lung tissues and sera from ADC and SqCC 
patients.

Methods

Cell culture

The LCC H460 parental (PT) and its CisR subline were 
donated by Dr Dean Fennell, Queen’s University Belfast. 
The H1299 ADC cell line and its CisR subline were gifted 
from Dr Parviz Behnam-Motlagh, Umea University, 
Sweden. The MOR (ADC) cell line and its corresponding 
CisR subline, in addition to the A549 (ADC) and SKMES-1 
(SqCC) cell lines were purchased from the American 
Type Culture Collection (LGC Promochem, UK). 
CisR sublines were generated from each PT cell line by 
continuous cisplatin exposure, as described (18). Cell lines 
were authenticated using the PowerPlex® 16 HS System 
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(Source BioScience, UK) and maintained in a humidified 
atmosphere of 5% CO2 at 37 ℃ (18).

RNA isolation

Total RNA was isolated from cell lines and serum using 
TRI Reagent (Molecular Research Center, USA) and TRI 
Reagent Blood, respectively. Following total RNA isolation, 
small RNAs were isolated using the miRCURY RNA 
isolation kit (Exiqon, Denmark) and the miRCURY RNA 
FFPE isolation kit (Exiqon) for FFPE tissues. RNA was 
quantified using a Nanodrop 1000 spectrophotometer. 

MicroRNA (miRNA) profiling

MiRNA profiling was carried out using 7th generation 
miRCURY LNA miRNA in-situ hybridisation arrays 
(Exiqon). The samples were labelled using the miRCURY 
LNA miRNA Hi-Power Labelling Kit Hy3/Hy5 and 
hybridised on the miRCURY LNA™ miRNA Array. The 
miRPlus™ sequences are in-licensed human candidate 
miRNA sequences consisting of in-licensed miRNAs, 
cloned sequences (Exiqon) and miRNA sequences found in 
literature searches, many of which are proprietary to Exiqon 
and are not yet annotated in miRBase. The sequences have 
been subjected to strict quality control for validity. 

Quantitative Real-Time qPCR

RNA (20 ng) was reverse transcribed to cDNA using 
the Universal cDNA synthesis kit II (Exiqon) and qPCR 
reactions were completed using the ExiLENT SYBR 
green master mix and LNA primers. miRNA analyses 
and validations were carried out by qPCR using the 2−∆∆Ct 
fold-change relative quantification criteria. As such, 
the CT threshold was set within the exponential phase 
of amplification and data were normalised using the 
appropriate miRNA endogenous control, small nuclear 
RNA U6. Two miRNAs, miR-103a-2-5p and miR-191-5p, 
were used as a quality control to determine red blood cell 
lysis in serum.

Transfections

Transient overexpression of miR-4286 was carried out by 
transfection of pre-miR-4286 or scrambled control miRNA 
precursor (Ambion) using FuGENE HD transfection 
reagent (Promega). MiRNAs belonging to the miR-

30 family and miR-34a-5p were inhibited by transient 
transfection using miRCURY miRNA inhibitors (Exiqon). 
For inhibition of the miR-30 family, transfection of a 
combination of three oligonucleotides that could target and 
inhibit the activity of the miR-30 family (miR-30a-3p, miR-
30b-5p and miR-30c-5p) was used. Cells were transfected at 
a density of 3×105 cells/well for 72 h.

Proliferation

Cell proliferation was measured by BrdU ELISA (Roche 
Diagnostics Ltd., UK). Cells were treated for 72 h with 
cisplatin (0–100 μM). Absorbance was recorded at 450 nm 
and sensitivity to cisplatin was calculated.

Clonogenic survival

Cells were seeded at optimal cell densities and treated with 
increasing concentrations of cisplatin (0–10 μM) for 72 h, 
after which time media was replaced with treatment-free 
media and further incubated for 10 days. Colonies were 
fixed and stained with 25% (v/v) methanol, 0.05% (w/v) 
crystal violet. Colonies were counted using the ColCountTM 
(Oxford Optronix Ltd, UK).

Apoptosis

NSCLC cells (1×105 cells/well) were seeded in 6-well plates 
and treated for 48 h with increasing concentrations of 
cisplatin (0–100 μM). Both adherent and floating cells were 
collected and stained using Annexin V-FITC (IQ Products, 
Netherlands) and 1 μg/mL propidium iodide (Invitrogen). 
Flow cytometry analysis was used to quantify apoptotic cells 
using a Dako CyAn™ADP flow cytometer. 

Patient samples

Informed consent was obtained from all patients. Resected 
tissues and matched sera from NSCLC patients were 
obtained from the Lung Cancer Biobank at St. James’s 
Hospital, Dublin. Ten age- and sex-matched normal sera 
were purchased from BBI Solutions (Cardiff, Wales). 
Patient demographics and tumour characteristics were 
recorded (Table S1). 

In silico analysis

MiRNAs of interest were analysed in different lung cancer 

https://cdn.amegroups.cn/static/public/TLCR-20-959-Supplementary.pdf
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datasets using The Cancer Genome Atlas (TCGA). This 
consisted of 775 data sets across which miRNA expression 
(miR-30a-3p, miR-30b-5p, miR-30c-5p, miR-34a-5p, 
miR-4286) was examined in matched normal and tumour 
lung tissues from adenocarcinoma (normal, n=44; tumour, 
n=447) and SqCC (normal, n=44; tumour, n=336) patients. 
MiRNAs of interest were analysed in different lung cancer 
datasets (LUAD and LUSC) using KM-Plot at default 
settings to assess if expression is associated with survival 
benefit (19). Potential targets for miRNAs were identified 
using Targetscan (Release 7.2) (20). Of these targets, the 
top 10 genes associated with cancer cell proliferation were 
examined by meta-analysis for changes in expression in 
SqCC using Lung Cancer Explorer (LCE) (21). Gene 
expression differences between matched normal and tumour 
tissues were calculated by standardised mean differences 
(tumour-normal) using Hedges’ G as an effect size metric. 
For this, all studies included for meta-analysis must have at 
least 10 samples in each group and meta-analysis was only 
performed for genes with data available from at least three 
qualifying studies. Survival association with gene expression 
are based on univariate Cox Proportional-Hazards 
modelling. For each study included, gene expression was 
normalised to zero mean and unit variance for each gene 
before the model was fitted. All analyses were carried out 
using the standard default settings.

In vivo tumour formation

Female  7–9 week old  NOD/SCID (NOD.CB17-
Prkdcscid/NCrCrl) mice were obtained from Charles River 
Laboratories. Mice were randomised into groups (n=4/
group) and subcutaneously injected above the right hind-
limb with 1×103 cells (H460 PT or CisR) within a Matrigel 
plug. Mice were monitored and tumour volumes recorded 
using digital callipers. Tumour volumes were calculated 
using the modified ellipsoid formula. Once the experimental 
endpoint was reached, animals were sacrificed, tumours 
harvested and preserved in FFPE blocks.

Statistical analysis

Analysis between groups was tested using analysis of 
variance (ANOVA). Statistical comparison of two means 
was carried out using an unpaired two-tailed Student’s t-test. 
Survival analysis between high and low miRNA expressors 
was performed using the Gehan-Breslow Wilcoxin test. 
Statistical testing of the in vivo xenograft model was carried 

out using the non-parametric Mann-Whitney U test. 
Significance was defined as P≤0.05. Data are represented as 
Mean ± Standard Error of the Mean (SEM). All data were 
analysed using GraphPad Prism™ statistical software.

Ethics

Patient samples used in this study were ethically approved 
by the St James’s Hospital & Tallaght University Hospital 
Joint Research Ethics Committee (Ref. No. 041018/8804). 
All animal research work was carried out in the Comparative 
Medicine Unit, Trinity College Dublin, a Health Products 
Regulatory Authority (HPRA) approved establishment 
that operates in accordance with Directive 2010/63/EU 
and its Irish transposition S.I No. 543 of 2012. Trinity 
College Dublin complies with the Council for International 
Organisations of Medical Sciences’ (CIOMS), International 
Guiding Principles for Biomedical Research Involving 
Animals, and all laws, regulations and policies governing 
the care and use of laboratory animals in the jurisdiction in 
which the research is being conducted. This animal study was 
approved by the Animal Research Ethics Committee (AREC) 
at Trinity College Dublin (Ref B100/4400) and carried 
out under licence B100/4400 from the Health Products 
Regulatory Authority (HPRA) in Ireland (2011 & 2016).

Results

CisR NSCLC cells exhibit an altered miRNA expression 
profile

Cisplatin resistance was confirmed in an isogenic panel 
of parental (PT) and CisR NSCLC cell lines previously 
established in our laboratory (18). Significantly greater 
IC50 concentrations were determined for each CisR subline 
relative to its PT counterpart (P<0.001) (Figure 1A) in 
response to increasing concentrations of cisplatin following 
dose-response studies.

miRNA profiling of PT and CisR cell lines was carried 
out using 7th generation miRCURY LNA miRNA in-situ 
hybridisation arrays (Figure 1B). The miRNA profiling 
used (Exiqon) offers full coverage of miRBase 18 on the 7th 
generation slides and all probes were validated to hybridise 
specifically to the sequences in miRBase. However, it 
has been found that a small number of probes display 
atypical signal patterns such as very high signal levels in 
many different sample types. As such, these signals may 
not represent biologically relevant miRNA expression. 
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Figure 1 Cisplatin resistant non-small cell lung cancer (NSCLC) cell lines exhibit altered miRNA expression. SKMES-1, H460, 
MOR, H1299 and A549 PT (grey) and CisR (black) sublines were treated with increasing concentrations of cisplatin (0–100 μM) for 
72 h. (A) Proliferation was measured by BrdU. Data are representative of three independent experiments and are presented as mean 
IC50 concentrations ± SEM. Statistical analysis was performed using an unpaired two-tailed Student’s t-test (***, P<0.001). (B) In-situ 
hybridisation arrays identified the most significantly altered miRNAs across all cell lines. The heat map represents unsupervised hierarchical 
clustering. The clustering was carried out using the complete-linkage method together with the Euclidean distance measure. Each row 
represents a miRNA and each column represents a sample. The miRNA clustering tree is shown on the left. The colour scale illustrates 
the relative expression level of miRNAs. Red colour represents an expression level below the reference channel and green colour represents 
expression higher than that of the reference. Normalised log ratio values were used for analysis. Clustering was performed on all samples 
and on the top 50 miRNAs with highest standard deviation. (C) For this preliminary study, a P value <0.05 and a fold-change (FC) >1.4 
was considered significant. Significant upregulation (green), downregulation (red) and non-significant or no alteration (yellow) in miRNA 
expression are shown. These data culminated in a preliminary 10-miR signature associated with cisplatin resistance. (D) Validation of 
miRNAs was carried out by quantitative real-time PCR using ExiLENT SYBR green master mix and locked nucleic acid (LNA) detection 
primers. miRNAs that were significantly altered within at least four of the five isogenic cell line pairs were found to be associated with 
cisplatin resistant NSCLC, identifying a 5-miR signature (miR-30a-3p, miR-30b-5p, miR-30c, miR-34a-5p and miR-4286). Data are 
representative of three independent experiments and are presented as Mean ± SEM. Statistical analysis was performed using an unpaired 
two-tailed Student’s t-test (*, P<0.05; **, P<0.01; ***, P<0.001). 

Therefore, to avoid focusing on potential false-positives, a 
total of 22 miRNAs were excluded from the unsupervised 
analysis shown in the heat map. These miRNAs were 
however included in the supervised analysis. miRNAs that 
were excluded are as follows: hsa-miR-1246, hsa-miR-
1273g-3p, hsa-miR-1280, hsa-miR-1908, hsa-miR-3124-
3p, hsa-miR-3686, hsa-miR-3940-5p, hsa-miR-3960, hsa-
miR-4279, hsa-miR-4285, hsa-miR-4290, hsa-miR-4443, 
hsa-miR-4454, hsa-miR-4456, hsa-miR-4467, hsa-
miR-4497, hsa-miR-4516, hsa-miR-4639-3p, hsa-miR-
4708-3p, hsa-miR-4764-3p, hsa-miR-4787-5p, hsa-miR-
4800-3p, hsa-miR-5100. Profiling of 2,086 miRNAs using 
in situ hybridisation, identified 10 miRNAs that were most 
significantly altered between PT and CisR cell lines. The 
criteria used for cut-off for subsequent validation by qPCR 
was based on (I) an overall fold-change in expression of >1.4 
which was considered significant, and (II) fold-changes in 
expression that were consistent across a minimum of four 

out of five cell lines (Figure 1C).
Validation of these 10 miRNAs identified from miRNA 

profiling arrays were validated by quantitative real-time 
PCR using locked nucleic acid (LNA) detection primers 
where miRNA expression was defined within each PT and 
CisR cell line (SKMES-1, H460, MOR, H1299 and A549) 
with a CT value <35. Based on our selection criteria above, 
five of these miRNAs failed on the basis of either having 
a CT value >35 or were undetectable by qPCR. As such, 
a 5-miR signature was deduced, representing miRNAs 
significantly altered between sensitive and resistant cell 
lines and included; miR-30a-3p, miR-30b-5p, miR-30c-
5p, miR-34a-5p and miR-4286 (Figure 1D). Expression of 
the miR-30 family was altered across at least four out of the 
five NSCLC cell lines examined (SKMES-1, H460, MOR, 
H1299 and A549) and represent the different NSCLC 
histologies of SqCC (SKMES-1), LCC (H460) and 
adenocarcinoma (MOR, H1299, A549). While miR-1246 
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was shown to be consistently increased across all paired 
NSCLC cell lines based on miRNA array data (Figure 1C),  
validation by qPCR showed no detectable expression of 
miR-1246, miRPLUS-1246, miR-3607-5p or miR-1290 in 
the panel of cell lines examined. Furthermore, expression 
of miR-3607-3p and miRPLUS-G1246 were significantly 
altered in only one (H1299) and two (H1299 and A549) 
cell line pairs, respectively. As such, based on our inclusion 
criteria, 5 miRNAs validated as being significantly altered 
across our panel of PT and CisR cell lines (miR-30a-3p, 
miR-30b-5p, miR-30c-5p, miR-34a-5p and miR-4286).

As with all types of analyses involving arrays, validation of 
altered genes is critical in order to account for any artifact’s 
that may arise that may potentially lead to skewed data. 
Due to the high number of genes being tested in parallel, 
microarrays are prone to false-positive results. Upon 
validation by qPCR, differences in expression of miRNAs 
such as miR-34a-5p and miR-4286 do reflect data obtained 
from the micro-profiling array, hence the necessity to 
validate the array data by miRCURY LNA™ Universal RT 
miRNA PCR. While it is possible to validate miRNAs that 
show small changes in expression, it is important to note 
that smaller fold-changes tend to be relatively more affected 
by technical variance. Such changes are thus associated with 
increased risk of false-positive signals. It is also a possibility 
that poor correlation between array and qPCR results may 
arise if the RNA samples are degraded. Most miRNAs 
however, will be appropriately detected and unaffected by 
degradation by both qPCR and array. In some situations, 
miRNAs can be partially degraded with as little as 1–2 end 
nucleotides. Typically, array capture probes will detect such 
partially degraded miRNAs whereas the miRCURY™ LNA 
Universal RT miRNA qPCR primers will discriminate 
miRNAs that are one or more nucleotides shorter. In this 
instance, qPCR and array results may not correlate as well. 
Furthermore, for degraded RNA samples, fragments of 
larger RNA species that contain miRNA-like sequences 
may start to hybridise to the capture probes. There are 
several miRNAs that have great sequence similarity to, 
for example, tRNAs (miR-1280, miR-1275, miR-720). 
However, the nature of the qPCR assay design will not 
detect such miRNA-like sequences present on either 
intact or degraded fragments of larger RNA species and 
consequently, qPCR and array date will not correlate as well 
for such miRNAs. Under ideal conditions, one would expect 
such perfect correlations. By incorporating redundancy 
into our criteria for validation, this issue was reduced. 
For miR-4286, our data show that this miRNA is in fact 

downregulated across all cell lines (Figure 1D) in contrast 
to the non-perfect array-based correlation (Figure 1C),  
clearly demonstrating that this miRNA is indeed important 
and associated with the development of resistance to 
cisplatin.

Manipulation of miRNA expression does not re-sensitise 
NSCLC cells 

To investigate the functional role of the miR-30 family 
members and miR-34a-5p in modulating cisplatin 
resistance, expression of these miRNAs were transiently 
inhibited in the H460 CisR subline. Conversely, miR-
4268 was transiently overexpressed. Following transfection, 
cisplatin resistance was investigated across a number of 
functional parameters relative to scrambled controls to 
determine the potential sensitising effect of this miRNA 
modulation. Altered expression was confirmed by qPCR. 

Transient inhibition of the miR-30 family (Figure 2A) 
resulted in a significant downregulation of miR-30b-5p and 
miR-30c-5p. Following this inhibition, cell proliferation 
was assessed in response to cisplatin. No significant 
difference in IC50 concentrations were observed between 
the miR-30 family and corresponding scrambled controls 
(P=0.1996). While no significant differences were observed 
in apoptosis, clonogenic survival was significantly decreased 
at lower concentrations of cisplatin (0.1–1 μM) following 
transient inhibition of the miR-30 family relative to 
scrambled controls. Antisense inhibition significantly 
reduced expression of miR-34a-5p (P<0.0001) (Figure 2B).  
Downregulation of miR-34a-5p had no effect on the 
proliferative capacity of the H460 CisR subline when 
challenged with cisplatin with no significant difference 
observed between IC50 cisplatin concentrations (P=0.8840). 
Similarly, transient inhibition of miR-34a-5p induced no 
tumour cell apoptosis but significantly decreased clonogenic 
survival (0.1–2.5 μM). 

Pre-miR transfection of miR-4286 induced a significant 
3.00±0.68-fold upregulation in expression of H460 
CisR cells relative to scrambled controls (Figure 2C). 
No significant difference in IC50 cisplatin concentrations 
following transfection with pre-miR-4286 was observed. 
However, miR-4286 overexpression decreased apoptotic 
cell death when treated with cisplatin (40–60 μM) and 
decreased clonogenic survival across a range of cisplatin 
concentrations (0.1–5 μM). Taken together, these data 
suggest that while modulation of miRNA expression in 
cisplatin resistant NSCLC may not alter cisplatin sensitivity 
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Figure 2 Modulation of miRNAs in cisplatin resistant non-small cell lung cancer (NSCLC) cells alters their response to cisplatin. The 
H460 CisR subline was transiently transfected with (A) a miR-30 family antagomiR or (B) a miR-34a-5p antagomiR to inhibit miRNA 
expression. (C) Transient upregulation of miR-4286 was carried out using a miR-4286 pre-miR. Following transfection, miRNA expression 
was quantified by qPCR and assessed relative to corresponding scrambled controls. The functional parameters of cell proliferation, apoptosis 
and clonogenic survival were assessed following transient transfection. Data are representative of three independent experiments and are 
presented as Mean ± SEM. Statistical analysis of qPCR and cell proliferation data was performed using an unpaired two-tailed Student’s 
t-test. Analysis of apoptosis and clonogenic survival assays was performed using a one-way ANOVA with Tukey post hoc analysis (*, P<0.05;  
**, P<0.01; ***, P<0.001). The overall P value of P<0.0001 was considered extremely significant.

A B C
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or enhance cisplatin-induced apoptosis, miRNAs may play a 
role in the survival capacity of resistant cells.

NSCLC tumours display altered expression of a 5-miR 
panel

Cisplatin-associated miRNAs identified in our panel 
of cisplatin-resistant NSCLC cell lines relative to their 
matched parental (sensitive) counterparts were examined 
as potential biomarkers to differentiate lung tumours from 
normal lung tissues, in addition to their use in differentiating 
between NSCLC tumour histologies in pre-treatment 
fresh-frozen tissues. To ascertain their biomarker potential, 
miRNA expression was examined in matched normal 
and tumour lung tissues from ADC patients (Figure 3A),  
SqCC patients (Figure 3B) and between each tumour 
histology (ADC versus SqCC) (Figure 3C). 

Expression of four of the five miRNAs was significantly 
altered in ADC tumour tissue relative to normal lung 
tissue (Figure 3A). Each of the miR-30 family members 
were significantly downregulated in ADC tumour tissue; 
miR-30a-3p (0.18-fold, P=0.0007), miR-30b-5p (0.54-
fold, P=0.0484) and miR-30c-5p (0.53-fold, P=0.0225). 
Significant overexpression of miR-4286 was observed in 
adenocarcinoma tissue relative to adjacent normal lung 
tissue (5.87-fold, P=0.0477). Reduced expression of the 
5-miR signature was also observed in SqCC tumour 
samples relative to matched normal lung tissues (Figure 3B). 
Again, a significant downregulation of the miR-30 family of 
miRNAs was observed in SqCC tumour tissue with a 0.23-
fold decrease in miR-30a-3p (P=0.0058), 0.22-fold decrease 
in miR-30b-5p (P=0.0076) and a 0.38-fold decrease in miR-
30c-5p (P=0.03). miR-34a-5p was shown to be significantly 
downregulated by 0.46-fold (P=0.0136) in SqCC tumours 
relative to normal lung tissue.

To assess the potential of this miRNA signature in 
distinguishing between ADC and SqCC histologies, 
expression within SqCC tissue was examined relative to 
ADC tissue. There was significantly decreased expression 
of miR-30b-5p (P=0.0143), miR-30c-5p (P=0.0173), miR-
34a-5p (P=0.0018) and miR-4268 (P=0.0250) in SqCC 
tissues when compared to ADC tissues. Cumulatively, these 
data suggest that this 5-miR panel has the potential to 
distinguish ADC and SqCC pathology from that of normal 
lung tissues, and in discriminating between ADC and 
SqCC. When miRNA expression in ADC and SqCC tissues 
and normal lung tissues was compared across lung cancer 
data sets using The Cancer Genome Atlas (TCGA), similar 

trends in expression were found in lung tumour tissues 
for most miRNAs of interest, particularly in SqCC tissues 
(Table S2). Notably, in both ADC and SqCC tissues, miR-
30a-3p and miR-30c-5p were significantly downregulated 
in both data sets, in contrast to miR-4286 which remained 
unchanged in both tumour subtypes in the TCGA data set.

While we appreciate that normal and tumour tissues 
examined as part of this study were not micro-dissected, 
we are unable to clarify whether normal tissue was present 
in the tumour samples. This is a common issue with many 
of such studies and is therefore one limitation of this 
analysis. Procurement of normal lung tissue following 
resection was carried out in such a way that tissue was 
collected at a significant distance from the tumour site. 
Validation using a larger cohort of patient specimens with 
appropriate micro-dissection/determination of cancer cell 
percentages from multiple biobanking sites is warranted to 
further address this. 

Decreased miRNA expression is associated with poor 
survival in SqCC 

The aim of this particular analysis was to examine the 
prognostic potential of our 5 miRNAs in tumour tissue 
from NSCLC patients.  For both ADC and SqCC 
histologies, patients were stratified into either high or 
low expressors based on the median value as a cut-off/
threshold and correlated with overall survival. While no 
significant differences were observed between high and 
low miRNA expression and overall survival in patients with 
ADC (data not shown), there was a significant association 
with high expression of miR-30b-5p, miR-30c-5p and 
miR-34a-5p and poor overall survival in SqCC patients 
(P=0.0429) (Figure 4). Due to the high correlation of 
these three miRNAs, one must consider whether the use 
of each miRNA as independent markers is feasible in this 
context. While we are unsure if these miRNAs would have 
redundancy in relation to predictive testing for cisplatin 
resistance, one must consider all three miRNAs for any 
future analysis to determine which has the better predictive 
value for identifying patients likely to develop resistance to 
platinum-based therapies, or whether improved specificity 
and sensitivity could be achieved using all three miRNAs.

Supporting these findings are miRNA expression and 
survival data from in silico analysis of lung ADC (n=513) 
and SqCC (n=478) patients based on miRNA biomarker 
assessment (Figure S1). These data were collated and 
statistically analysed by Cox-Regression using online 

https://cdn.amegroups.cn/static/public/TLCR-20-959-Supplementary.pdf
https://cdn.amegroups.cn/static/public/TLCR-20-959-Supplementary.pdf
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Figure 3 A 5-miR signature exhibits diagnostic and histological biomarker potential in non-small cell lung cancer (NSCLC) tumours. 
miRNA expression of the 5-miR panel (miR-30a-3p, miR-30b-5p. miR-30c-5p, miR-34a-5p and miR-4286) was assessed by qPCR in a 
cohort of (A) ADC (n=10) and (B) squamous cell carcinoma (SqCC) (n=10) tumour tissue and matched normal lung tissue from surgically 
resected NSCLC patients and represented as fold-changes in miRNA expression based on relative quantification. (C) To examine the ability 
of this miRNA signature to distinguish between ADC and SqCC histologies, miRNA expression was assessed between both histological 
subtypes. Data are representative of ten independent experiments and are presented as mean fold-change ± SEM. Statistical analysis was 
performed using an unpaired two-tailed Student’s t-test (*, P<0.05; **, P<0.01; ***, P<0.001).

software via the validated pan-Cancer miRNA Kaplan-
Meier Plotter. These data showed an association between 
low expression of members of the 5-miR panel (miR-
30b-5p, miR-30c-5p) and poor survival in SqCC. Taken 
together, these data highlight the potential use of miRNAs, 
in particular the miR-30 family members, as prognostic 
biomarkers in lung cancer. 

miR-4286 is overexpressed in the sera of SqCC patients

To assess the potential of one or more of these differentially 
altered miRNAs as a circulating diagnostic biomarker, 
expression of each miRNA was investigated in the sera 
of ADC and SqCC patients relative to normal healthy 
controls (Figure 5A). No detection of miR-30a-3p, miR-
30b-5p, miR-30c-5p or miR-34a-5p was observed in sera. 
A significant 4.63-fold overexpression of miR-4286 was 
however observed in SqCC serum relative to healthy 
controls and ADC patients (P=0.0095). 

Survival analysis of miR-4286 expression in SqCC sera 
showed no significant difference (P=0.2330) in survival 
between high and low expressors (Figure 5B). These data 
are inconclusive due to the small sample numbers included 
in this analysis and warrants further validation in a larger 
cohort of patients. To further assess the potential role of 
miRNA-4286 in SqCC, TargetScan was used to identify 
genes which have predicted targets to this miRNA. From 
this analysis, 4,674 transcripts were identified containing 
a total of 6,745 sites. To narrow this down, the top 10 

mRNA transcripts were selected based on their association 
with cancer cell proliferation. Systematic meta-analysis 
demonstrated that 7/10 of the target mRNAs were 
significantly downregulated in SqCC (Table S3, Figure S2). 
There was no significant association of these mRNAs with 
survival in SqCC (Table S4). 

Xenograft tumours derived from cisplatin resistant 
NSCLC cells exhibit increased expression of a 5-miRNA 
signature

The stable expression of miRNA in FFPE tissues makes 
these small RNA molecules ideal biological markers in 
archived specimens. To investigate the expression of the 
miRNA panel in FFPE preserved lung tumour tissues, an 
in vivo xenograft model of cisplatin resistant and sensitive 
tumours was used to assess the expression of the cisplatin-
associated miRNAs. H460 PT and CisR sublines were 
injected into NOD/SCID mice and tumour growth and 
progression monitored. No significant difference was 
observed in tumour growth initiation between PT and CisR 
tumours. Analysis of tumour volume over time (Figure 6A)  
showed significant differences in tumour growth rate 
between H460 PT and CisR xenograft tumours. Mean 
tumour volume of H460 PT xenograft tumours was 
significantly increased compared to CisR tumours from 
day 30 (78.38±49.9 vs. 2.75±2.13 mm3, P=0.0286). This is 
further highlighted by the tumour lag phase between PT 
and CisR tumours (Figure 6B) during tumour development 

A B C
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Figure 4 Low expression of miR-30 family members and miR-34a are associated with poor survival in squamous cell carcinoma (SqCC) 
patients. SqCC tissues from NSCLC patients (n=10) were screened for miR-30a-3p, miR-30b-5p, miR-30c-5p, miR-34a-5p and miR-
4286 by qPCR. Patients were stratified into high (black) or low (grey) expressors and expression was correlated with overall survival. Data 
are representative of ten SqCC tissue samples stratified into high and low expressors. Statistical analysis was performed using the Gehan-
Breslow-Wilcoxon-test, P<0.05 was considered significant.

where it was observed that tumours derived from CisR cells 
took longer to grow relative to their PT cell counterparts. 
This pattern of tumour growth mirrors what is observed 
under cell culture conditions in vitro. Resistant cells grow 
at a much slower rate and have a greater doubling time 
compared to parental cells from which they were derived. 
A significant upregulation of all miRNAs was observed in 
CisR tumours relative to their PT counterparts (Figure 6C).  
Combined, these results are indicative of a potential cisplatin-
associated 5-miR signature that may have potential use as a 
biomarker that is predictive of cisplatin response in FFPE 

tissues following resection of NSCLC tumours in lung 
cancer patients.

Discussion

Multiple studies have shown a link between miRNAs and 
cisplatin resistance in NSCLC (14,16,22,23). Mechanisms 
of chemoresistance and associated molecular targets have 
been identified in cancer patients using genomic and 
proteomic analysis. In breast cancer patients, it was reported 
in a study by Climent et al., that increased sensitivity to 
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Figure 5 miR-4286 expression is increased in sera of squamous cell carcinoma (SqCC) patients. Expression of all five microRNAs, including 
haemolytic miRNA indicators (miR-103a-2-5p and miR-191-5p) and endogenous small RNA control, RNU6, were investigated in the 
serum of treatment-naïve Adeno (n=7) and SqCC (n=8) NSCLC patients and assessed relative to normal healthy controls (n=10). (A) Serum 
expression of miR-4286 was assessed in ADC and SqCC patients relative to each other and to normal healthy controls. Data are presented 
as mean ± SEM. Statistical analysis was performed using an unpaired two-tailed Student’s t-test (**, P<0.01). (B) Serum miR-4286 expression 
was divided into high and low expressors and survival analysis was assessed. Statistical analysis was performed using the Gehan-Breslow-
Wilcoxon-test, where P<0.05 was considered statistically significant. 

Figure 6 MicroRNAs associated with cisplatin resistance are significantly upregulated in cisplatin resistant lung xenograft tumours. H460 
PT (grey) and CisR (black) cells were subcutaneously injected into the flank of 5–7 weeks old female NOD/SCID mice (n=4 mice per 
group). Tumours were grown to a defined volume end-point of 500 mm3. (A) Tumour volumes were measured over time until the defined 
experimental end-point was reached. Data are representative of four animals per group and are presented as mean ± SEM (*, P<0.05). 
Analysis was performed by Mann-Whitney test. (B) The lag phase of tumour growth was determined as the initial point (days) at which 
tumour measurements could be made. (C) When the tumour end-point was reached, tumours were formalin-fixed and paraffin-embedded. 
RNA was isolated from PT and CisR FFPE sections. Expression of a 5-miR signature of cisplatin-associated miRNAs was investigated by 
qPCR. Data are representative of four independent experiments and are presented as mean ± SEM (*, P<0.05, **, P<0.01). Analysis was 
performed using an unpaired two-tailed Student’s t-test.

anthracycline-based chemotherapy may result from a 
chromosome 11q deletion containing the sequence for the 
miRNA, miR-125b (24), suggesting that dysregulation of 
miRNAs may be linked to drug resistance in cancer. In a 
NCI panel of 60 human cancer cell lines, there was a strong 
correlation between miRNA expression and sensitivity to 
anti-cancer drugs (25) further highlighting a critical role for 

miRNAs in chemoresistance. 
In this study, in-situ hybridisation profiling and qPCR 

validation identified a 5-miR signature which had the capacity 
to discriminate between cisplatin sensitive and resistant cells 
across NSCLC histologies. Within this cisplatin resistant 
5-miR signature, four miRNAs, miR-30a-3p, miR-30b-5p, 
miR-30c-5p and miR-34a-5p, were significantly upregulated 

A B C

800

600

400

200

0

40

30

20

10

0

10

8

6

4

2

0

H460 Xenograft H460 Xenograft miR-Panel Expression
Tumour growth

1 22 37 49 63
Days

Tumour Lag phase

PT PT

PT

CisR CisR

CisR

H460 Xenograft FFPE

miR-30a-3p

miR-30b-5p

miR-30c-5p

miR-34a-5p

miR-4286

Tu
m

ou
r 

vo
lu

m
e 

(m
m

3 )

D
ay

s

Fo
ld

 c
ha

ng
e

A B

8

6

4

2

0

100

50

0

miR-4286 Serum Expression 
Sqcc Survival Proportions

0 500 1000 1500 2000 2000
Days

High Expressors
Low Expressors
P=0.2330

**

**

miR-4286 Serum

Nor
m

al
ADC

SqCC

Fo
ld

 c
ha

ng
e

P
er

ce
nt

 s
ur

vi
va

l



1785Translational Lung Cancer Research, Vol 10, No 4 April 2021

© Translational Lung Cancer Research. All rights reserved.   Transl Lung Cancer Res 2021;10(4):1773-1791 | http://dx.doi.org/10.21037/tlcr-20-959

while miR-4286 was significantly downregulated across 
CisR sublines. To date, there have been no studies published 
demonstrating a link between the upregulation of miR-30 
family members (miR-30a-3p, miR-30b-5p and miR-30c-
5p) and cisplatin resistance in lung cancer. Previous studies 
have shown that ectopic expression of miR-30a can enhance 
the cytotoxic effect of cisplatin in HeLa cells in xenograft  
models (26). Similarly, forced overexpression of miR-30c 
increased cisplatin and paclitaxel sensitivity in SKOV-3 and 
HeyA8-MDR cells, respectively (27). 

Inhibition of miR-34a-5p did not sensitise the H460 
CisR subline to the anti-proliferative or pro-apoptotic 
effects of cisplatin; however, the survival capacity was 
significantly decreased. These results are in agreement with 
those reported by Wang et al., where inhibition of miR-
34a in A549 cells using antisense oligonucleotides did not 
alter the proliferative or apoptotic response to cisplatin (28). 
In addition, neither overexpression nor downregulation of 
miR-34a in SCLC lines influenced sensitivity to cisplatin or 
etoposide (29). miR-34a has also been found to be associated 
with cisplatin resistance in the osteogenic sarcoma cell 
line, Saos-2, where induced overexpression of miR-34a 
promoted cell survival when challenged with cisplatin (30). 
Previously, miR-34a has been described as a p53-regulated 
tumour suppressor miRNA, the levels of which are often 
decreased in tumour tissue relative to normal lung tissue, 
similar to what we observed in SqCC tumour tissue. Xue 
et al. suggested the potential of a miR-34a-based miRNA 
combination therapy for lung cancer where therapeutic 
delivery of miR-34a could restore miR-34a expression in 
lung tumours and enhance its tumour suppressor capacity. 
Indeed, nanoparticle delivery of miR-34a in combination 
with cisplatin in mouse models of lung adenocarcinoma 
significantly slowed tumour growth and decreased tumour 
volume relative to cisplatin alone (31). Of interest, a number 
of the target genes regulated by miR-34a include those 
involved in stemness, such as POU2F1 and Notch, as well 
as targets that play a key role in the epithelial-mesenchymal 
transition process (Snail and Notch), a characteristic 
phenotype associated with resistance (32,33).

Our data demonstrate for the first time that ectopic 
expression of miR-4286 in cisplatin resistant NSCLC cells 
(H460) significantly decreased the clonogenic survival 
of chemoresistant cells. While this modulation of miR-
4286 expression did not alter the proliferative capacity 
of cisplatin-resistant lung cancer cells, its overexpression 
induced an anti-apoptotic effect in response to treatment 
with cisplatin. These findings highlight a novel role for 

miR-4286 in cisplatin resistant lung cancer. Increased 
expression of miR-4286 has previously been reported in 
oesophageal adenocarcinoma, providing evidence that tissue 
miRNA profiles can discriminate oesophageal carcinoma 
from its metaplastic precursor, Barrett’s oesophagus (34). 
In melanoma cells where miR-4286 mediates proliferation 
and apoptosis, the use of a miR-4286 inhibitor altered the 
mRNA expression of several gene targets implicated in the 
regulation of cell proliferation and apoptosis (35). 

miR-30 is frequently overexpressed in human cancers. In 
a genetic screen of a lentiviral expression library containing 
524 miRNAs, miR-30 was found to abrogate oncogenic-
induced senescence through its tumour-suppressing 
mechanisms involving DNA damage responses (DDR), 
p53 activation and induction of p16INK4A (36). Using cell 
lines and mouse models, miR-30 could disrupt senescence 
and promote cancer by targeting CHD7 and TNRC6A. 
While CHD7 is a transcriptional coactivator of p16INK4A, 
TNRC6A is a key component in ras-induced DDR RNA 
expression and functionality. Increased expression of five 
miR-30 family members (miR-30a, miR-30b, miR-30c, 
miR-30d, miR-30e) abrogated the induction of proliferative 
arrest in BJ fibroblast cells, an effect that was replicated in 
primary WI-38 human fibroblasts and human mammary 
epithelial cells. Furthermore, it was found that miR-30c 
could promote cancer development in a pancreatic model 
by disrupting senescence induction by oncogenic Kras. 
Consistent with its role as a tumour suppressor, miR-30 is 
suppressed by oncogenic signals such as epidermal growth 
factor (EGF) and hepatocyte growth factor (HGF) and is 
expressed at low levels in prostate cancer tissues. While a 
number of epithelial-to-mesenchymal transition (EMT)-
associated genes are predicted targets of miR-30, the Ets-
related gene (ERG) is the most frequently overexpressed 
oncogene in prostate cancer (37). This is activated by 
genomic fusion events between promoter upstream 
sequences of the androgen regulated gene, TMPRSS2, and 
coding sequences of ERG. Overexpression of miR-30 in 
VCaP prostate cancer cells suppresses the EMT phenotype 
and inhibits cell migration, invasion and cell growth in vitro 
and in vivo where ERG was shown to be a direct target of 
miR-30. In colorectal cancer, miR-30-5p has been shown to 
target USP22 and attenuates the Wnt/β-catenin pathway, 
negatively regulating stemness and chemoresistance in this 
cancer type (38). Studies by Ma et al. demonstrated that 
using genome-wide transcriptional profiling of miRNAs in 
lung cancer stem cells at different stages, alter expression 
levels of several tumour-related miRNAs during spheroid 
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formation of SPC-A1 and NCI-H1650 NSCLC cell lines. 
Furthermore, by targeting the TM4SF1 oncogene, it was 
demonstrated that miR-30a/c inhibits self-renewal and 
the tumorigenesis of lung tumour initiating cells, and 
that low expression of miR-30a/c and high expression of 
TM4SF1 were independent prognostic factors in NSCLC 
patients. These data provide new evidence for TM4SF1 
as a direct target of miR-30a/c (39). More recently, a 
link between specific miRNAs and patient prognosis 
and relapse was reported in lung cancer patients using a 
miRNA signature identified in tumour tissues and sera 
that was shown to be predictive of overall survival (40,41). 
Furthermore, a miRNA panel with diagnostic potential in 
lung adenocarcinoma was reported in sputum samples (42). 
Studies have also reported the potential use of miRNAs in 
distinguishing between the lung cancer subtypes, NSCLC 
and SCLC (43,44). The ability to assess miRNAs in blood 
as a non-invasive procedure and their high stability in blood 
components such as serum and plasma, highlights their 
potential to be used for screening in the prognostic and 
diagnostic setting (45). 

 We have shown in this study that miR-30a-3p is 
significantly downregulated in both ADC and SqCC tissues 
relative to normal lung tissues. Similar observations were 
reported by Kumarswamy et al. where miR-30a was shown 
to be significantly downregulated in NSCLC tumour tissue 
relative to adjacent normal lung tissue. Multiple meta-
analyses have also reported similar findings regarding 
miR-30a expression in NSCLC tumour tissue (46-48). 
Furthermore, miR-30b-5p was shown to be significantly 
downregulated and indicative of cancerous tissue in both 
histological subtypes when compared to patient-matched 
normal tissue. These data support the current literature 
in which miR-30b was shown to be greater than 2-fold 
decreased in SqCC tissue relative to normal lung tissue (49).  
These are in agreement with similar findings for miR-30c-
5p (50) and miR-34a-5p (51,52). While miR-4286 was 
significantly downregulated in adenocarcinoma tissue, its 
expression has not been previously reported in the context 
of NSCLC tissue. While the cohort of patient samples used 
in this study was small, it was large enough to correctly 
identify significantly altered miRNAs in larger in silico 
TCGA datasets. However, it must be noted that differences 
in cell miRNA expression in vitro and in patient lung 
tumour tissues, reflect the clinical setting from which these 
are derived. The miR-30 family of miRNAs (miR-30a-3p, 
miR-30b-5p, miR-30c-5p) in addition to miR-34a-5p were 
for the most part, significantly upregulated in our isogenic 

panel of cisplatin resistant NSCLC cell lines. This was in 
contrast to that observed in ADC and SqCC tissues from 
the patient cohort used in the current study, in addition to 
those from TCGA datasets, where these were significantly 
decreased. Tissue samples were derived from treatment-
naïve NSCLC patients while in vitro data are representative 
of the cisplatin resistant phenotype. In the clinic setting, 
procuring tumour biopsies from NSCLC patients that have 
progressed on cisplatin-doublet chemotherapy is difficult. In 
order to further translate these data into a clinically relevant 
setting, studies are warranted where NSCLC patients 
receiving cisplatin-doublet chemotherapy are monitored 
using serial blood sampling during treatment for changes in 
expression of these miRNAs. This strategy could potentially 
be used to validate the potential use of these miRNAs in 
predicting response to cisplatin-based chemotherapy and 
the development of resistance to this drug. 

When miRNAs were examined between ADC and SqCC 
tissues, a significantly differentiated expression profile was 
identified, where a panel of four significantly downregulated 
miRNAs were observed (miR-30b-5p, miR-30c-5p, miR-
34a-5p and miR-4286). While miRNA signatures have 
previously been documented in the literature that can 
distinguish between NSCLC subtypes, members of the miR-
30 family and a four miRNA panel similar to that reported 
in the current study, has not previously been reported in this 
context. Differential expression of miR-34a was previously 
identified as a biomarker of histological discrimination within 
a signature reported by Huang et al., where it was also shown 
to be significantly decreased in SqCC tissue compared to 
that of ADC (53). Depsite these interesting observations of 
differential expression of miRNAs between different NSCLC 
histologies, current histopathological methodologies remain 
at the forefront in lung tumour tissue diagnoses. 

Contrary to previous studies, no serum expression of 
miR-30a-3p, miR-30b-5p, miR-30c-5p or miR-34a-5p 
was found in NSCLC patients and healthy controls in this 
study (54,55). Of interest however, increased expression of 
miR-4286 was observed in the sera of SqCC patients only, 
relative to those from normal controls and ADC patients. 
Based on these findings, we report for the first time, the 
potential use of miR-4286 as a blood-based NSCLC 
diagnostic biomarker. Given the elevated expression of this 
miRNA in SqCC, in silico analyses was used to interrogate 
if any of its candidate targets were potentially altered in 
SqCC. From the initial screen to identify candidate genes, 
the top 10 genes which had known associations with cellular 
proliferation were selected based on their expression in 
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SqCC. A significant number of these genes were found to 
be significantly downregulated in SqCC. No associations 
with this downregulation or survival were observed. 
Whilst suggestive that this miRNA may be regulating the 
expression of these genes in SqCC, these results remain to 
be functionally validated in future studies.

Despite the many successes in determining general 
mechanisms of miRNA generation and function, localising 
miRNAs to a given cell type or entity is challenging. It 
has been reported however that while many miRNAs are 
ubiquitously expressed, some do show expression specificity 
or marked differences in concentration between different 
types of cells (56). In this study, miR-4286 was the only 
miRNA of our panel that could be detected in the sera of 
NSCLC patients, most significantly in the sera of SqCC 
patients. While it is somewhat difficult to deduce the exact 
source of this miRNA, it does raise the question as to 
whether its abundance and detection in the blood sera may 
be a direct result of its source of secretion compared to the 
other miRNAs examined. The cellular composition of a 
tissue changes in most disease states. In cancer, malignant 
cells replace the native epithelium while in inflammatory 
diseases, the number of infiltrating leukocytes can increase 
markedly. Exosomes may also play a part in this process. 
These are small microvesicles that range in size from 
30–100 nm (57) and are secreted by a variety of cell types 
including epithelial cells, T- and B-lymphocytes, mast 
cells, dendritic cells and neurons, where they carry and 
transfer proteins and nucleic acids between cells. While 
miRNA signatures have shown promise as diagnostic 
biomarkers in unfractionated whole serum, urine, saliva and 
cerebrospinal fluid, there is still little or no consensus about 
the relative contribution of exosomal miRNAs to whole 
serum miRNAs (58). Much of the data in this field have 
demonstrated that the exosome fraction of serum and saliva 
is highly enriched in miRNAs, and that the majority of this 
class of RNA is not freely circulating in human biologic 
fluids but is enclosed within these microvesicles. It has also 
been widely documented that in addition to being actively 
secreted via these extracellular vesicles, miRNAs can also 
be released by passive leakage from lytic cells and via high-
density lipoproteins (59,60). Based on these previous 
studies, examining exosomal miRNAs may be a more 
appropriate first step for early biomarker studies to reduce 
the probability of false-negative results due to the presence 
of low abundance miRNAs that may not be detected using 
unfractionated serum or saliva.

In this study, we demonstrate that miR-4286 can be 

detected in patient sera and moving forward, may have 
potential as a blood-based marker. One limitation of these 
findings is the small sample size. In order to further validate 
miR-4286 as a prognostic and predictive marker, larger studies 
are required. Sample size is a major consideration in the robust 
identification of candidate biomarkers. In a previous report by 
Hernández et al., it was suggested that biomarker discovery 
experiments are undertaken on the maximum number of 
samples possible, stating that at least 50 samples are preferred 
as a starting point in this process. In doing so, this would (I) 
minimise the effects of over-fitting and (II) improve the quality 
of performance metrics, thereby saving on significant time 
and effort that may otherwise be wasted in validating a non-
predictive biomarker panel using unique and highly valued 
samples from specific patient cohorts (61). 

While it was not possible to validate these data in 
NSCLC patients who have progressed on platinum-based 
therapy due to the development of resistance to cisplatin, 
we further expanded our investigation to address whether 
this panel of miRNAs had prognostic value in NSCLC and 
could potentially translate to a more predictive role in the 
context of response to cisplatin therapy using sera from 
treatment-naïve patients. To investigate the expression of 
these five miRNAs in an in vivo xenograft model of cisplatin 
resistance, RNA was derived from H460 PT and CisR 
tumour FFPE sections and miRNA expression examined by 
qPCR. A 5-miR signature showed a differential expression 
profile in xenograft tumours derived from H460 PT and 
CisR cells and was capable of distinguishing between 
cisplatin sensitive and cisplatin resistant lung tumours. 
However, in contrast to what was found in cisplatin-
resistant NSCLC cell lines in vitro, miR-4286 was 
significantly increased in xenograft FFPE tumour tissue 
derived from H460 CisR tumours. One possible explanation 
for these differences in expression may be related to, at least 
in part, to the influence of the tumour microenvironment in 
the mouse xenograft study such as stromal and immune cell 
infiltrates. As such, miR-4286 may not be a reliable marker 
in the context of cisplatin resistance. Further studies will be 
required to determine if serum levels of this miRNA have 
any predictive or prognostic potential, while determining 
expression of miR-4286 in the context of FFPE lung tumour 
samples. The in vitro transfection/modulation of miRNAs 
and in vivo xenograft models used in this study incorporated 
the use of the H460 PT and CisR cell lines. This matched 
cell line pair was selected for a number of reasons; (I) 
transfection efficiency in this cell line was significantly 
higher than that observed with other NSCLC cell lines, (II) 



1788 MacDonagh et al. MicroRNAs as biomarkers in NSCLC

© Translational Lung Cancer Research. All rights reserved.   Transl Lung Cancer Res 2021;10(4):1773-1791 | http://dx.doi.org/10.21037/tlcr-20-959

the doubling times for H460 PT and CisR cells was higher 
in vitro thereby permitting more experimental replicates to 
be carried out over a shorter period of time, (III) in previous 
xenograft models established in our laboratory (62), H460 
cells had better uptake in vivo, in which case, cell numbers 
for injection were previously optimised for use in a similar 
xenograft model.

Conclusions

In conclusion, our data indicate a novel 5-miR signature 
in NSCLC. Modulation of these miRNAs did not restore 
the anti-proliferative or pro-apoptotic effects of cisplatin 
in a model of chemoresistance. However, these miRNAs 
do show promise as potential diagnostic biomarkers in 
NSCLC tissues, where their differential expression could 
differentiate malignant tissue from normal lung tissue and 
between ADC and SqCC histologies. Furthermore, our 
data highlight for the first time, the prognostic significance 
of these miRNAs and their association with poor overall 
survival in SqCC patients. While miR-4286 was the only 
one of five miRNAs detectable in the sera from NSCLC 
patients, further studies are warranted to validate its use 
potential as a diagnostic biomarker in NSCLC. 
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Table S1 Patient demographics and tumour characteristics

Histology Gender Age Smoking Grade TMN Stage

ADC

1 F 56 Ex 2 pT2aN0 IB

2 F 75 Ex 3 pT4N2M1a IV

3 F 80 Ex 3 pT1b N0Mx IA

4 F 57 Current 2 pT1aN0Mx IA

5 F 75 Current 3 pT1aN1 IIA

6 F 71 Ex 2 pT1bN0 IA

7 M 68 Current 1 pT2aN0 IB

8 F 77 Current 3 pT1bN0 IA

9 M 73 Ex 2 pT1bN0 IA

10 F 78 Ex 2 pT2aN0 IB

SqCC

1 F 69 Current 2 pT2aN0 IB

2 M 74 Current 2 pT2aN0 IB

3 F 61 Current 2 pT2aN1Mx IIA

4 M 67 Current 3 pT2aN0 IB

5 F 80 Ex 1 pT3N0 IIB

6 F 64 Current 2 pT1aN0Mx IA

7 F 58 Current 3 pT1bN1 IIA

8 M 81 Ex 2 pT2aN1Mx IIA

9 F 71 Ex 2 pT2bN0 IIA

10 F 67 Ex 3 pT2aN1Mx IIA

Lung tumour tissues and matched sera were collected from NSCLC patients and stratified into adenocarcinoma (ADC) or squamous cell 
carcinoma (SqCC). 

Table S2 TCGA analysis of miRNAs in different NSCLC histologies

MicroRNA Expression ADC Expression SqCC

hsa-miR-30a-3p Down 6.88338275267597e-15 Down <1e-12

hsa-miR-30b-5p Unchanged 4.131800e-01 Down 2.97469826548991e-11

hsa-miR-30c-5p Down 3.783700e-03 Down 2.11869999988679e-07

hsa-miR-34a-5p Up 1.62447832963153e-12 Down 2.15510000000085e-05

hsa-miR-4286 Unchanged 1.129550e-01 Unchanged 3.266600e-01

TCGA data sets were used to examine miRNA expression (miR-30a-3p, miR-30b-5p, miR-30c-5p, miR-34a-5p, miR-4286) in matched 
normal and tumour lung tissues from adenocarcinoma (normal, n=44; tumour, n=447) and squamous cell carcinoma patients (normal, n=44; 
tumour, n=336).
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Figure S1 In silico analysis of lung tumour tissue miRNAs and survival. miRNA expression and survival data from a meta-analysis of lung ADC (n=513) and SqCC (n=478) patient tissues were examined 
using a validated pan-Cancer miRNA Kaplan Meier Plotter. Each miRNA (A-E) was stratified as high (red) or low (black) expression and examined across the main NSCLC histological subtypes, ADC 
and SqCC. Data are presented as a time-to-event analysis. Median survival is presented in months. Statistical analysis was performed by Cox-Regression using online software via the validated pan-Cancer 
miRNA Kaplan-Meier Plotter to produce a Hazard Ratio (HR) with 95% confidence intervals (CI), a HR less than or greater than 1 with CI that do not include 1 were considered significant. Log rank 
regression was also carried out to determine significance, P<0.05 was considered significant.
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Table S3 In silico meta-analysis of the top 10 miR-4286 target genes associated with cancer proliferation for altered expression in LUSC using 
Lung Cancer Explorer

Gene symbol Expression Change SMD SMD lower SMD upper P value P.adj

PARVG Down –2.25 –3.38 –1.11 1e-04 0.00029

PHF1 Down –1.07 –1.38 –0.76 2.3e-11 2×10-10

APLN Down –0.94 –1.44 –0.45 2e-04 0.00052

CBX2 Up 1.94 1.39 2.48 3.9e-12 3.7×10-11

PRX Down –2.58 –3.7 –1.46 6.3e-06 2.2×10-5

FOXO4 Down –1.24 –1.71 –0.77 2.2e-07 1×10-6

CCR7 Unchanged –0.07 –0.41 0.26 0.67 0.73

STAC Down –2.24 –3 –1.48 6.5e-09 3.8×10-8

ZNF23 Trending Down –0.76 –1.1 –0.42 9.9e-06 3.4×10-5

WLS Down –0.81 –1.17 –0.44 1.4e-05 4.7×10-5

Meta-analysis of standardized mean difference of tumour-normal gene expression. SMD, tumour-normal standardized mean difference; 
SMD lower, lower bound of 95% confidence interval for SMD; SMD upper, upper bound of 95% confidence interval for SMD; P.adj, multiple 
comparison adjusted P-value by Benjamini Hochberg procedures.

Figure S2 Altered expression of miR-4286 target genes. Following the identification of potential miR-4286 gene targets using TargetScan, 
the expression of the top 10 candidate genes associated with cellular proliferation were examined for changes in expression in the TCGA-
LUSC (SqCC) dataset. The results are shown as follows: (A) PARVG, (B) PHF4, (C) APLN, (D) CBX2, (E) PRX, (F) FOXO4, (G) CCR7, (H) 
STAC, (I) ZNF23, (J) WLS.
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Table S4 In silico meta-analysis of the top 10 miR-4286 target genes associated with cancer proliferation for survival associations in LUSC using 
Lung Cancer Explorer

Gene symbol HR Z P P.adj

PARVG 0.91 –1.4 0.16 0.76

PHF1 0.95 –1.04 0.3 0.85

APLN 1.08 1.4 0.16 0.76

CBX2 1.04 0.6 0.55 0.93

PRX 0.99 –0.26 0.79 0.98

FOXO4 0.97 –0.74 0.46 0.9

CCR7 0.9 –2.3 0.022 0.43

STAC 0.96 –1 0.32 0.86

ZNF23 1.01 0.24 0.81 0.98

WLS 0.98 –0.37 0.71 0.96

HR, hazard ratio; Z, Z score from survival association meta-analysis; P.adj, multiple comparison adjusted P-value by Benjamini Hochberg 
procedures.
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