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Background: Non-small cell lung cancer (NSCLC) harboring activating mutations in the gene encoding 
epidermal growth factor receptor (EGFR) is amenable for targeted therapy with tyrosine kinase inhibitors 
(TKIs). Eventually, resistance to TKI-therapy occurs resulting in disease progression. A substantial fraction 
of resistance mechanisms is unknown and may involve alterations in the RNA or protein landscape. 
MicroRNAs (miRNAs) have been frequently suggested to play roles in various forms of cancer including 
NSCLC. However, a role of miRNAs in acquired resistance to EGFR TKIs remains elusive. In this work, 
we aimed to investigate the potential involvement of miRNAs in acquired resistance to the third-generation 
EGFR TKI osimertinib in NSCLC. 
Methods: We combined miRNA expression profiling with miRNA-inhibitory screening to identify 
miRNAs involved in conferring resistance to osimertinib. Finally, we validated our top miRNA candidate by 
profiling longitudinal plasma exosomal RNA from patients receiving osimertinib as second-line therapy in a 
clinical trial. 
Results: Various miRNAs displayed differential expression in parental versus osimertinib-refractory 
NSCLC cells. miRNA-inhibitory screening revealed miR-494-3p to partially confer resistance to osimertinib 
in vitro. Expression of miR-494-3p was significantly elevated in plasma sampled at disease progression 
compared to plasma sampled at treatment baseline in a cohort of 21 EGFR T790M-mutation positive 
NSCLC patients receiving osimertinib. 
Conclusions: Our results highlight the need for further therapeutic exploration of miR-494-3p in in vivo 
models of EGFR-mutant NSCLC.
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Introduction

Lung cancer causes the highest death toll of all cancers 
worldwide (1-3). Activating mutations in the gene encoding 
the epidermal growth factor receptor (EGFR) is one of 
the most common targetable genetic aberrations in non-
small cell lung cancer (NSCLC) (4), occurring in about 
15–20% of lung adenocarcinomas in Europe and North 
America and in up to 40–50% in Asia (5,6). Activating 
mutations in EGFR occur mainly as either small deletions 
in exon 19 or point mutations in exon 21 (7). Tumors 
harboring activating mutations in EGFR are amenable for 
therapeutic intervention using tyrosine kinase inhibitors 
(TKIs) (8). First-generation EGFR TKIs include adenosine 
triphosphate (ATP)-competitive kinase inhibitors erlotinib 
and gefitinib and second-generation irreversible inhibitors 
afatinib and dacomitinib, both generations showing clinical 
benefit in patients with activating mutations in EGFR (9-12). 
However, patients eventually develop resistance to these 
inhibitors, which is frequently accompanied by a gatekeeper 
mutation, T790M, in exon 20 (13-17). This has led to the 
development of a third-generation EGFR TKI osimertinib, 
which irreversibly binds to the C797 residue and thereby 
targets both activating mutations as well as EGFR 
molecules with the T790M mutation (18,19). Osimertinib 
has displayed superior clinical outcome to first-generation 
EGFR TKIs in clinical trials and is currently a standard 
choice for advanced stage NSCLC patients with mutations 
in EGFR (20,21). 

MicroRNAs (miRNAs) are small non-coding RNAs 
of approximately 22 nucleotides in length. miRNAs 
target a plethora of mRNAs by binding to 3'untranslated 
regions (3'UTRs) causing mRNA degradation or protein 
translational inhibition (22). Numerous miRNAs have 
an impact on the progression of cancer, either as tumor 
promoting or tumor suppressing actors (23). However, very 
few studies have investigated the functional role of miRNAs 
in treatment-refractory cancers. Depending on the target 
repertoire, specific miRNAs may be particularly suited for 
therapeutic modulation in treatment-refractory cancers 
(24,25). miRNAs may be modulated in a therapeutic setting 
either as mimic molecules, in case the endogenous miRNA 
has tumor suppressive properties, or through miRNA-
inhibitors if the endogenous miRNA plays a tumor-
promoting role. The latter is commonly achieved through 
various chemical synthesis approaches (26,27). We recently 
demonstrated that specific inhibition of miR-100-5p  
could restore sensitivity to TKIs targeting echinoderm 

microtubule-associated protein-like 4-anaplastic lymphoma 
kinase (EML4-ALK) positive NSCLC cells in vitro (28). 

Here, we aimed to investigate the involvement of 
miRNAs in resistance to EGFR TKIs in vitro and whether 
specific miRNAs could serve as markers for EGFR 
TKI resistance in the clinical setting. We present the 
following article in accordance with the MDAR reporting 
checklist (available at https://tlcr.amegroups.com/article/
view/10.21037/tlcr-21-955/rc).

Methods

Cell culture

NSCLC EGFR mutant parental cell lines NCI-H1975 and 
HCC827 (ATCC: CRL-5908 and CRL-2868, respectively) 
and osimertinib-refractory cell lines (29) were cultured in 
RPMI-1640 medium supplemented with 10% fetal bovine 
serum in a 5% CO2-humidified incubator at 37 ℃ and 
passaged when reaching sub-confluent conditions.

Chemicals

EGFR TKI osimertinib was purchased from Selleckchem 
(Cat# S7297; Houston, TX, USA). 

Cell viability assay

Parental and TKI-resistant NCI-H1975 and HCC827 cells 
were plated in triplicates, 4,000 cells in each replicate, in 
96-well plates in the presence of 1, 10, 100, and 1,000 nM  
TKI or in dimethyl sulfoxide (DMSO). Cell viability was 
scored in a luminometer 72 hours post plating through Cell-
titer Glo cell viability assay according to manufacturer’s 
instruction (Promega, Madison, WI, USA, Cat# G7571). 
For miRNA mimic experiment, parental HCC827 cells 
were plated in triplicates for each condition, 2,500 cells 
in each replicate, in 96-well plates and reverse transfected 
using Lipofectamine RNAiMAX (ThermoFisher, Waltham, 
MA, USA) with 1 nM mimic of miR-494-3p (MC12409, 
ThermoFisher) or with 1 nM negative control mimic 
(AM17111, ThermoFisher). Osimertinib (100 nM) or 
DMSO was added 24 hours post transfection. Cell viability 
was scored in a luminometer 72 hours post osimertinib/
DMSO treatment through Cell-titer Glo cell viability assay 
according to manufacturer’s instruction (Promega, Cat# 
G7571). For miRNA/DNA experiment, parental HCC827 
cells were plated in triplicates for each condition, 5,000 cells 
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in each replicate, in 96-well plates and reverse transfected 
using Lipofectamine 2000 (ThermoFisher) with 1 nM 
mimic of miR-494-3p (MC12409, ThermoFisher), with  
1 nM negative control mimic (AM17111, ThermoFisher), 
or  wi th  1  nM mimic  of  miR-494-3p (MC12409, 
ThermoFisher )  and 1  ng  of  a  p lasmid encoding  
cyclin D1 (25). Osimertinib (100 nM) or DMSO was added 
24 hours post transfection. Cell viability was scored in a 
luminometer 72 hours post osimertinib/DMSO treatment 
through Cell-titer Glo cell viability assay according to 
manufacturer’s instruction (Promega, Cat# G7571).

Proliferation assay

Bromodeoxyuridine (BrdU) incorporation was performed 
according to the instructions of the commercial Fluorescein 
isothiocyanate (FITC) BrdU flow kit (BD Biosciences, 
Franklin Lakes, NJ, USA, Cat# 559619) and analyzed on a 
BD LSR II flow cytometer.

Apoptosis assay

Parental or osimertinib-refractory cells were seeded in 
triplicates, 15,000 in each replicate, in 96-well plates and 
treated with DMSO or with 100 nM osimertinib 24 hours 
post seeding. Induction of apoptosis was measured through 
measurement of cleaved caspase 3/7 at 24 hours post 
treatment, using Caspase-Glo 3/7 Assay System (Promega, 
Cat# G8091) according to manufacturer’s instructions. 

miRNA and mRNA expression analyses

Systematic miRNA expression analysis was conducted 
using the nCounter Human v3 miRNA Expression Assay 
(NanoString Technologies, Inc., Seattle, WA, USA) 
covering 800 human miRNAs. Total RNA was extracted 
from EGFR mutant osimertinib-refractory NSCLC 
cell lines and EGFR mutant parental NSCLC cell lines 
using mirVana miRNA isolation kit (ThermoFisher, Cat# 
AM1560). A total of 100 ng of RNA was used as input 
for each sample. Hierarchical clustering and scatter plots 
were visualized on normalized data using nSolver analysis 
software. miRNA raw expression counts were normalized 
to housekeeping genes ACTB, B2M, GAPDH, RPL19 
and RPL90. Hierarchical clustering was performed using 
Euclidean distance with complete linkage. 

For systematic mRNA expression analysis, 100,000 
parental HCC827 cells were seeded in duplicates for each 

experimental condition in 6-well plates and transfected, 
using Lipofectamine RNAiMAX (ThermoFisher), with 
1 nM mimic of miR-494-3p (MC12409, ThermoFisher) 
or with 1 nM negative control mimic (AM17111, 
ThermoFisher) 24 hours post seeding. Cells were treated 
with 100 nM osimertinib 24 hours post transfection and 
harvested for total RNA isolation 48 hours post transfection. 
mRNA array expression was conducted using the nCounter 
PanCancer Pathways Panel covering 770 human cancer-
associated mRNAs. RNA extraction, input and analysis were 
conducted as described for miRNA expression analysis.

mirVana miRNA inhibitor-library screening

miRNA inhibitor screening was conducted using 
a customized miRNA inhibitory library (mirVana, 
ThermoFisher) containing 37 experimental miRNA 
inhibitors as well as two control inhibitors. Parental or 
TKI-resistant cells were transfected with inhibitors (10 nM)  
in three replicates, 2,500 cells in each replicate, in 96-
well plates by Lipofectamine RNAiMAX (ThermoFisher) 
reverse transfection. Cells were scored for viability through 
CellTiter-Glo cell viability assay (Promega, Cat# G7571) 
72 hours post transfection. The effect on cell viability was 
normalized to the negative control inhibitor. 

Patient sample preparation

Whole blood was drawn from 21 randomly selected 
NSCLC EGFR T790M-positive patients (six males, age: 
72, 46, 77, 50, 63 and 56 years; 15 females, age: 56, 46, 
61, 78, 74, 77, 46, 59, 83, 58, 65, 59, 73, 70 and 73 years) 
enrolled in the multicenter TREM-study at the Karolinska 
University Hospital and Oslo University Hospital, in which 
patients who had previously progressed on first- or second-
generation EGFR TKIs were treated with osimertinib  
80 mg daily (NCT02504346) (EudraCT No. 2015-
000307-10) (30). Blood was collected at baseline and again 
at progression of disease. Plasma was separated through 
centrifugal isolation and aliquoted to fresh tubes and stored 
at −80 ℃. 

Exosome RNA extraction

Exosomal RNA was isolated at the Karolinska Institutet. For 
each plasma/sample point, 1 mL was centrifuged at 16,000 g 
for 10 minutes followed by processing using the ExoRNeasy 
serum plasma midi kit (Qiagen, Germantown, MD, USA), 
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as previously described (31), and the RNA was eluted in  
14 μL RNase-free water.

Reverse transcriptase quantitative polymerase chain 
reaction (RT-qPCR) analysis

Isolated exosomal RNA was subjected to TaqMan RT-
qPCR miRNA assays (ThermoFisher, Cat# 4427975) using 
U6 and miR-494-3p specific stem-loop primers, or to 
SYBR RT-qPCR using random primers (RT) and human 
GAPDH/cyclin D1 specific primers (qPCR) (25). Each 
RT reaction used 10 ng of exosomal RNA. miR-494-3p 
qPCR cycle threshold (Ct) values were normalized to U6 
Ct values, and cyclin D1 qPCR Ct values were normalized 
to GAPDH Ct values, using the delta-delta-Ct method. 
Calculation of statistical significance was performed using a 
two-tailed paired t-test.

Sample definition and in-laboratory replication

All experiments, unless otherwise stated, were replicated a 
minimum of three times in the laboratory using biological 
replicates. Visualized data, unless otherwise stated, reflects 
a representative biological replicate. If visualized with 
error bars, each data point represents a minimum of three 
technical replicates. 

Statistical analysis

Unless otherwise stated, statistical tests were performed on 
two-group comparisons using a two-tailed t-test, testing the 
area under both sides of a normal distribution. Paired t-test 
was performed on longitudinally sampled and matched 
plasma from patients, baseline versus progression of disease.

Ethical statement

The study was conducted according to the Declaration 
of Helsinki (as revised in 2013). The regional ethical 
committees, Karolinska University Hospital (registration 
number: 2016/944-31/1) and Oslo North Regional Ethics 
Board (registration number: 2015/181), approved sampling 
for this study. Informed consent was obtained from all 
subjects involved in the study.

Results

We utilized two NSCLC cell lines, NCI-H1975 and 

HCC827, previously generated for refractoriness to the 
EGFR TKI osimertinib (29). HCC827 has an exon 19 
in-frame deletion in the EGFR tyrosine kinase domain 
(E746-A750) while NCI-H1975 harbors the double L858R/
T790M mutation, rendering the latter intrinsically resistant 
to first-generation EGFR TKIs erlotinib and gefitinib. 

Viability of both parental lines was diminished by >10 nM  
TKI for 72 hours. In contrast, osimertinib-refractory 
lines were virtually unaffected by 10 nM TKI treatment 
and largely tolerated up to 1,000 nM TKI for 72 hours  
(Figure 1A,1B). The effect on cell viability was recapitulated 
when scoring parental and refractory cell lines for cell cycle 
progression through BrdU uptake. Parental cells entered 
cell cycle arrest following treatment with 100 nM TKI for 
72 hours, while refractory cells continued to proliferate 
with minimum effects on cell cycle phase distribution 
(Figure 1C-1F). When analyzing parental and osimertinib-
refractory cells for induction of apoptosis following 
treatment with osimertinib, we observed a strong induction 
of cleaved caspase 3/7 in parental HCC827 cells, which was 
completely diminished in refractory cells. NCI-H1975 cells 
displayed a marginal increase in early apoptosis following 
osimertinib treatment both in the parental and osimertinib-
refractory setting (Figure 1G-1J).

We next profiled our cell line panel for systematic 
miRNA expression using the hybridization platform from 
NanoString Technologies. No systematic alteration in 
expression was observed between parental and osimertinib-
resistant cells (Figure 2A,2B).  When investigating 
differential expression of individual miRNAs, refractory 
lines displayed blunted expression of five miRNAs, 
including members of the miR-141/200 family, while 37 
miRNAs displayed >2-fold elevation in expression and 
four miRNAs displayed >3-fold elevation in expression  
(Figure 2C,2D, Table S1). 

In order to investigate whether differential expression 
would be indicative of a functional role for specific miRNAs 
in conferring resistance to osimertinib, we subjected both 
osimertinib-refractory lines to a miRNA inhibitory library. 
Osimertinib-refractory cells were transiently transfected 
with 10 nM of 37 miRNA family inhibitors, targeting all 
elevated miRNAs for 72 hours. The screen revealed a 
substantial effect on cell viability when inhibiting miR-494-
3p (Figure 3A,3B). The impact of inhibiting miR-494-3p was 
greater in osimertinib-resistant HCC827 cells compared to 
osimertinib-resistant NCI-H1975 cells, 44% reduction in 
cell viability and 23% reduction in cell viability, respectively, 
possibly reflected by the different genetic alterations leading 

https://cdn.amegroups.cn/static/public/TLCR-21-955-supplementary.pdf
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Figure 1 Acquired refractoriness to the EGFR TKI osimertinib in EGFR mutant NSCLC cell lines. (A) Cell viability curve analysis of 
NCI-H1975 parental and osimertinib-resistant cells in increasing concentrations of osimertinib. (B) Cell viability curve analysis of HCC827 
parental and osimertinib-resistant cells in increasing concentrations of osimertinib. Y-axis displays percentage of cell viability in comparison 
to vehicle (DMSO). (C) Cell cycle horseshoe distribution in NCI-H1975 parental cells following 100 nM treatment with osimertinib or 
with DMSO for 72 hours. (D) Cell cycle horseshoe distribution in NCI-H1975 osimertinib-resistant cells following 100 nM treatment with 
osimertinib or with DMSO for 72 hours. (E) Cell cycle horseshoe distribution in HCC827 parental cells following 100 nM treatment with 
osimertinib or with DMSO for 72 hours. (F) Cell cycle horseshoe distribution in HCC827 osimertinib-resistant cells following 100 nM 
treatment with osimertinib or with DMSO for 72 hours. (G) Relative levels of cleaved caspase 3/7 in NCI-H1975 parental cells following 
100 nM treatment with osimertinib or with DMSO for 24 hours. (H) Relative levels of cleaved caspase 3/7 in NCI-H1975 osimertinib-
resistant cells following 100 nM treatment with osimertinib or with DMSO for 24 hours. (I) Relative levels of cleaved caspase 3/7 in 
HCC827 parental cells following 100 nM treatment with osimertinib or with DMSO for 24 hours. (J) Relative levels of cleaved caspase 3/7 
in HCC827 osimertinib-resistant cells following 100 nM treatment with osimertinib or with DMSO for 24 hours. All experiments showing 
error bars were conducted with a minimum of three technical replicates. DMSO, dimethyl sulfoxide; EGFR, epidermal growth factor 
receptor; TKI, tyrosine kinase inhibitor; NSCLC, non-small cell lung cancer. 
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Figure 2 Systematic expression analysis of miRNAs in parental and osimertinib-refractory EGFR mutant NSCLC cell lines. (A) Scatter 
plot visualizing the correlation between miRNAs expressed in HCC827 parental cells (red dots) with miRNAs expressed in HCC827 
osimertinib-resistant cells (green dots). Expression is plotted on a log10-scale. (B) Scatter plot visualizing the correlation between miRNAs 
expressed in NCI-H1975 parental cells (red dots) with miRNAs expressed in NCI-H1975 osimertinib-resistant cells (green dots). Expression 
is plotted on a log10-scale. (C) Box plots displaying all miRNAs upregulated in expression in HCC827 osimertinib-resistant cells compared 
to parental cells. Expression is plotted on a log10-scale with upper error bars representing expression in osimertinib-resistant cells and 
lower error bars representing expression in parental cells. (D) Box plots displaying all miRNAs upregulated in expression in NCI-H1975 
osimertinib-resistant cells compared to parental cells. Expression is plotted on a log10-scale with upper error bars representing expression 
in osimertinib-resistant cells and lower error bars representing expression in parental cells. miRNAs, microRNAs; EGFR, epidermal growth 
factor receptor; NSCLC, non-small cell lung cancer. 
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Figure 3 miR-494-3p confers resistance to osimertinib in HCC827 osimertinib-resistant cells. (A) mirVana miRNA-inhibition library screen 
in HCC827 osimertinib-resistant cells. Color scale is depicted from white to red representing 0–50% inhibition of cell viability, based on the 
average value of three replicates. ***, P<0.001; *, P<0.05. (B) mirVana miRNA-inhibition library screen in NCI-H1975 osimertinib-resistant 
cells. Color scale is depicted from white to red representing 0–50% inhibition of cell viability, based on the average value of three replicates. 
(C) Relative cell viability following ectopic expression of 1 nM miR-494-3p or 1 nM scrambled miRNA mimic and treatment with DMSO 
or 100 nM osimertinib in HCC827 parental cells for 72 hours. Ctrl denote scrambled miRNA mimic control. Error bars represent SD. 
Statistical significance is calculated through an unpaired two-tailed t-test. ****, P<0.0001. (D) Fisher’s exact test of miR-494-3p target genes, 
functionally uncovered by subjecting total RNA to a pan-cancer mRNA array (NanoString Technologies) from scrambled miRNA mimic 
control + osimertinib treated cells versus miR-494-3p mimic + osimertinib treated cells. *, P<0.05 displays a statistical significance of miR-494-
3p predicted in silico targets among transcripts being suppressed in the miR-494-3p mimic + osimertinib setting. (E) Negative fold-changes (blue) 
and P values (red) of 10 suppressed transcripts predicted as miR-494-3p in silico targets. (F) Relative cell viability following ectopic expression 
of 1 nM scrambled miRNA mimic or 1 nM miR-494-3p mimic or 1 nM miR-494-3p mimic + 1 ng cyclin D1 plasmid and treatment with  
100 nM osimertinib in HCC827 parental cells for 72 hours. Ctrl denote scrambled miRNA mimic control. Error bars represent SD. Statistical 
significance is calculated through an unpaired two-tailed t-test. *, P<0.05. All experiments showing error bars were conducted with a minimum 
of three technical replicates. miRNA, microRNA; DMSO, dimethyl sulfoxide; SD, standard deviation; N.S., not significant.. 
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to EGFR activation in these cell lines (Figure 3A,3B). We 
hypothesized that if miR-494-3p would partially confer 
resistance to osimertinib in osimertinib-refractory HCC827 
cells, such resistance should be induced by ectopically 
expressing miR-494-3p in parental HCC827 cells. Ectopic 
expression of a miR-494-3p mimic in parental HCC827 
cells alleviated the detrimental effect of osimertinib in a 
significant manner (Figure 3C). To obtain indications of the 
biological pathways affected by miR-494-3p, we extracted 
total RNA from osimertinib-treated parental HCC827 cells, 
and osimertinib-treated parental HCC827 cells ectopically 
expressing miR-494-3p. RNA was subjected to a pan-cancer 
NanoString array covering 770 cancer-associated mRNAs. 
Analysis revealed 18 differentially expressed transcripts 
(>2-fold change in expression, P<0.05) with suppressed 
expression in the miR-494-3p mimic + osimertinib setting 
compared to osimertinib alone, and five transcripts with 
elevated expression in the miR-494-3p mimic + osimertinib 
setting (Table S2). Interestingly, 10 out of 18 suppressed 
transcripts (SFRP4, HIST1H3G, ID4, H3F3A, HOXA10, 
SOX17, CCND1, SMAD9, ZIC2 and PBRM1), were found 
to be predicted as miR-494-3p targets using the in silico 
algorithm TargetScan, Release 7.2, while none of the five 
elevated transcripts were found to be predicted as miR-494-
3p targets (Figure 3D,3E, Table S2). Kyoto encyclopedia 
of genes and genomes (KEGG)-term analysis resulted 
in several significant KEGG-pathway terms, including 
cell cycle and WNT signaling pathway, with cyclin D1 
(CCND1) present in multiple pathways (Table S3). We 
have previously demonstrated cyclin D1 to be a direct 
functional target of miR-494-3p through genome-wide 
3'UTR screens (25). Therefore, we speculated that ectopic 
expression of cyclin D1 might negate the impact of miR-
494-3p on osimertinib in parental HCC827 cells. Ectopic 
expression of miR-494-3p in combination with osimertinib 
increased cell viability by approximately 30% compared to 
osimertinib alone. This effect was completely blunted when 
miR-494-3p was co-expressed with cyclin D1, indicative of 
a mechanistic relationship between miR-494-3p and cyclin 
D1 in modulating resistance to osimertinib (Figure 3F). 

Finally, to substantiate a potential role of miR-494-3p as 
a marker of osimertinib-resistance, we extracted exosomal 
RNA from longitudinally sampled plasma at baseline 
and progression of disease, of 21 patients with EGFR 
T790M NSCLC undergoing treatment with osimertinib  
(Figure 4A). Extracted total RNA was subjected to stem-
loop RT-qPCR miR-494-3p expression analysis and 
normalized to U6 snRNA. When analyzing all samples as a 

two-group comparison, expression of exosomal miR-494-3p 
was significantly elevated in progression samples compared 
with baseline samples. On individual sample level, plasma 
samples from 15 out of 21 patients displayed elevated 
expression of miR-494-3p at progression (Figure 4B).  
Moreover, we investigated the expression of cyclin D1 
mRNA in the identical samples. Samples from two 
patients, both baseline and progression, were omitted from 
analysis due to failure to detect any cyclin D1 expression. 
In the remaining samples, and to the contrary of miR-
494-3p, cyclin D1 expression was significantly reduced in 
progression samples compared with baseline samples. On 
individual sample level, plasma samples from 14 out of 
19 patients displayed reduced expression of cyclin D1 at 
progression (Figure 4C). 

Discussion

In this study we have combined miRNA profiling and 
inhibitory miRNA drug screening in vitro with liquid biopsy 
miRNA profiling in NSCLC patients to uncover miR-494-
3p as a diagnostic marker as well as a potential therapeutic 
target in EGFR mutant NSCLC. 

We found that miR-494-3p was significantly upregulated 
in two EGFR-mutant NSCLC cell lines refractory to the 
third-generation TKI osimertinib. This is one of the first 
reports demonstrating elevated expression of a miRNA 
to partially confer resistance to osimertinib. We want to 
emphasize that elevated expression of miR-494-3p does 
not solely explain the resistance mechanism to osimertinib 
in our cell line systems. It is possible that additional 
miRNAs contribute to osimertinib resistance as well. In 
a similar experimental setup, Li et al. (32) reported miR-
184 and miR-3913-5p to be upregulated in exosomes from 
osimertinib-resistant cells and in plasma. miR-184 did not 
reach the cutoff of 2-fold elevation in expression in any of 
our osimertinib-resistant lines and miR-3913-5p was not 
included in our NanoString analysis. While these miRNAs 
may be important for osimertinib-resistance as well, it 
remains to be seen whether specific modulation of miR-
184 and/or miR-3913-5p confers osimertinib resistance  
in vitro. Our findings may be of particular value since there 
are currently no obvious targeted treatment strategies for 
patients developing resistance to osimertinib. 

Numerous reports have suggested miRNAs to play 
roles in human cancers, including in NSCLC (27,28,33). 
However, there is limited literature on miRNAs directly 
affecting the efficacy of EGFR TKIs in NSCLC in vitro 

https://cdn.amegroups.cn/static/public/TLCR-21-955-supplementary.pdf
https://cdn.amegroups.cn/static/public/TLCR-21-955-supplementary.pdf
https://cdn.amegroups.cn/static/public/TLCR-21-955-supplementary.pdf
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Gender (%) Male: 6/21 (29%), Female: 15/21 (71%)

Median age (range) 63 (46–83)

Smoking status (%) Current: 3/21 (14%), ex-smoker: 9/21 (43%), never smoker: 9/21 (43%)

Performance status (%) 0: 5/21 (24%), 1: 12/21 (57%), 2: 4/21 (19%)

Histology (%) Adenocarcinoma: 21/21 (100%)

Stage at diagnosis (%) lV: 21/21 (100%)

EGFR mutation subtype (%) Exon 19: 17/21 (81%), L858R: 3/21 (14%), Exon 18: 1/21 (5%), T790M: 21/21 (100%)
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Figure 4 Expression of miR-494-3p is elevated in plasma sampled from NSCLC EGFR T790M patients displaying disease progression 
following treatment with osimertinib. (A) Patient characteristics. (B) Targeted miRNA stem-loop RT-qPCR of miR-494-3p on exosomal 
RNA extracted from 21 versus 21 plasma samples, representing baseline versus progression of disease. Error bars denote SEM. Thin lines 
display connections between individual baseline-to-progression pairs. Statistical significance is calculated through a paired two-tailed t-test. *, 
P<0.05. (C) RT-qPCR of cyclin D1 on exosomal RNA extracted from 19 versus 19 plasma samples, representing baseline versus progression 
of disease. Error bars denote SEM. Thin lines display connections between individual baseline-to-progression pairs. Statistical significance 
is calculated through a paired two-tailed t-test. *, P<0.05. EGFR, epidermal growth factor receptor; NSCLC, non-small cell lung cancer; 
miRNA, microRNA; RT-qPCR, reverse transcriptase quantitative polymerase chain reaction; SEM, standard error of the mean. 

models. The oncogenic miRNA miR-21 has been suggested 
to be regulated by EGFR, and to potentially substantiate 
the apoptotic effects of EGFR TKIs, including gefitinib 
in vitro (34,35). Other miRNAs reported to affect the 
efficacy of gefitinib, when upregulated, or downregulated, 
are miR-126, miR-221/222, miR-134/487b/655, and miR-
19b, respectively (36-39). We did not detect any elevated 
expression of these miRNAs in parental versus osimertinib-
refractory NSCLC cells in vitro. 

In addition, the miR-30 family of miRNAs has been 
linked to EGFR-mutant NSCLC by several laboratories. 
Garofalo et al. (37) demonstrated that knockdown of EGFR 
in NSCLC resulted in reduced levels of miR-30b and miR-
30c, and the authors proposed that these miRNAs protected 
NSCLC cell lines against gefitinib-induced apoptosis by 
targeting pro-apoptotic factors. Circulating levels of miR-
30b and miR-30c were recently demonstrated to predict 
treatment responses to erlotinib in EGFR-mutant NSCLC 

patients. Low levels of miR-30b and miR-30c at start of 
treatment correlated with a favorable survival of EGFR-
mutant NSCLC patients receiving erlotinib (40), which 
could potentially be linked to c-MET (37,41,42). In our 
systematic in vitro miRNA expression analysis, miR-30a  
and miR-30c were not elevated in expression in both 
osimertinib-refractory cell lines. It is plausible that different 
miRNAs play roles in the resistance to EGFR TKIs and 
we cannot exclude the possibility that the involvement of 
different miRNAs in EGFR TKI resistance may be tumor 
dependent, and furthermore, vary between EGFR-mutant 
NSCLC cell lines. 

To our knowledge, there are no previous reports 
showing that miR-494-3p directly affects the efficacy 
of EGFR TKIs, and thereby functions as a modulator 
of EGFR TKI resistance in EGFR-driven lung cancer. 
However, miR-494-3p has been implicated to play roles 
in multiple cancer types, including lung cancer. Faversani  
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et al.  (43) reported that expression of miR-494-3p 
correlated with lung cancer progression and survival in both 
mice and in patients with KRAS mutations. Wu et al. (44) 
recently reported a connection between miR-494-3p and 
the long non-coding RNA (lncRNA) WT1-AS in NSCLC 
cell lines, where sponging of miR-494-3p via WT1-AS led 
to increased cellular apoptosis. Zhang et al. (45) reported 
that miR-494 modulated sensitivity to cisplatin through 
targeting of CASP2. Interestingly, deregulated expression 
of miR-494-3p was observed in cancer stem cells of chronic 
myeloid leukemia and correlated with resistance to the 
TKI imatinib (46). 

Our NanoString analysis of functionally suppressed 
and predicted target genes following ectopic expression of 
miR-494-3p in combination with osimertinib resulted in 
significant enrichment of multiple KEGG-terms, including 
transforming growth factor (TGF)-beta, WNT, cell cycle 
and phosphatidylinositol 3-kinase (PI3K)-Akt signaling 
pathways. miR-494-3p has been reported to target the 
PI3K-Akt signaling pathway through phosphatase and 
tensin homolog (PTEN) in hepatocellular carcinoma, 
retinoblastoma and glioblastoma (47-49). Although PTEN 
displayed a slight downregulation following ectopic 
miR-494-3p expression, it did not reach our criteria for 
differential expression and was therefore not included 
in our KEGG-term analysis. However, we detected ten 
transcripts that in addition to being suppressed in our 
NanoString analysis were predicted as direct miR-494-3p 
targets in silico, and demonstrated that ectopic expression of 
cyclin D1, a previously reported target of miR-494-3p (25),  
negated the impact of miR-494-3p on osimertinib. 
Additional studies are required to understand the biological 
effects of cyclin D1 targeting by miR-494-3p in induced 
resistance to osimertinib. Since cyclin D1 expression leads 
to increased cellular proliferation (25), it is plausible that 
cyclin D1 needs to be silenced in order for cells to obtain 
EMT features and a higher migratory capacity, as previously 
reported (50).

We have uncovered miR-494-3p to partially confer 
resistance to osimertinib in vitro and to be significantly 
elevated in plasma of EGFR T790M patients progressing on 
osimertinib. However, the longitudinal plasma profiling was 
conducted on samples from a limited number of patients, 
which warrants validation in additional patient samples as 
well as in independent clinical cohorts. Nevertheless, our 
findings suggest that miR-494-3p may serve as a potential 
biomarker to monitor NSCLC disease progression on 
osimertinib. Moreover, given the limited therapeutic choices 

for patients following osimertinib resistance, it is important 
to further investigate the potential of targeting miR-494-3p 
in the in vivo setting. miRNA therapy has reached limited 
clinical success due to obstacles associated with delivery 
efficacy as well as adverse toxicities. Still, targeting miRNAs 
through various inhibitory approaches is advantageous due 
to the smaller size and rigid structure of miRNA inhibitors 
compared to miRNA mimic molecules (26). 

In order to truly unveil the full potential of miR-494-3p  
in osimertinib-resistant NSCLC, it is imperative to test 
its therapeutic potential in in vivo models and if successful, 
miR-494-3p therapy may hold a future clinical promise for 
patients with EGFR-mutant NSCLC.
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Table S1 miRNAs displaying >2-fold differential expression in 
osimertinib-resistant cells compared with parental NCI-H1975 and 
HCC827 cells

miRNA HCC827OR/P NCIH1975OR/P

hsa-miR-34c-5p 6.164627931 2.036730946

hsa-miR-1-5p 6.012987013 2.015209125

hsa-miR-431-5p 5.207792208 2.201520913

hsa-miR-23a-3p 4.417734248 2.305806536

hsa-miR-553 4.130111524 2.25

hsa-miR-494-3p 3.86643026 4.968028419

hsa-miR-507 3.405844156 3.565088757

hsa-miR-630 3.370611183 3.781065089

hsa-miR-331-5p 3.213541667 3.335106383

hsa-miR-24-3p 3.02469365 2.381011911

hsa-miR-548al 3.00487013 2.442666667

hsa-miR-381-5p 2.981412639 2.09

hsa-miR-520g-3p 2.981412639 2.786666667

hsa-miR-652-5p 2.890625 2.786666667

hsa-miR-1288-3p 2.890625 2.573333333

hsa-miR-1469 2.75464684 2.89

hsa-miR-490-3p 2.724675325 2.710059172

hsa-miR-483-5p 2.724675325 2.056

hsa-miR-4532 2.709677419 2.18383659

hsa-miR-519b-3p 2.670995671 2.41

hsa-miR-520a-3p 2.402597403 2.253333333

Table S1 (continued)

Table S1 (continued)

miRNA HCC827OR/P NCIH1975OR/P

hsa-miR-4485-3p 2.359327217 2.727121464

hsa-miR-761 2.345 2.493730408

hsa-miR-1202 2.333333333 2.442666667

hsa-miR-154-5p 2.270562771 2.086522463

hsa-miR-642a-3p 2.264525994 2.370901639

hsa-miR-1915-3p 2.247074122 3.644444444

hsa-miR-891b 2.24610052 2.004991681

hsa-miR-1249-5p 2.189125296 2.426035503

hsa-miR-2682-5p 2.13864818 2.137472284

hsa-miR-601 2.136363636 2.801452785

hsa-miR-127-3p 2.115839243 2.352549889

hsa-miR-515-3p 2.098 2.290874525

hsa-miR-451a 2.06122449 2.139053254

hsa-miR-2117 2.042553191 2.75095057

hsa-miR-525-3p 2.006493506 5.79

hsa-miR-675-5p 2.003246753 2.174180328

hsa-miR-372-3p 0.494 0.377742947

hsa-miR-31-5p 0.385570274 0.319497025

hsa-miR-205-5p 0.163417569 0.22766323

hsa-miR-141-3p 0.025227482 0.26373365

hsa-miR-200c-3p 0.007198525 0.066098707

miRNA, microRNA.
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Table S2 Pan-cancer mRNA array (NanoString Technologies)

Probe name Accession no. Analyte type Fold-change P value Predicted miR-494-3p target (TargetScan)

SFRP4 NM_003014.2 mRNA −7.68 0.03856117 Yes

HIST1H3G NM_003534.2 mRNA −3.09 0.04174855 Yes

ID4 NM_001546.2 mRNA −2.94 0.00458963 Yes

HIST1H3B NM_003537.3 mRNA −2.86 0.00884692 No

ID1 NM_002165.2 mRNA −2.8 0.027044 No

H3F3A NM_002107.3 mRNA −2.65 0.01241234 Yes

HOXA10 NM_018951.3 mRNA −2.58 0.00676379 Yes

MCM2 NM_004526.2 mRNA −2.56 0.00524588 No

SOX17 NM_022454.3 mRNA −2.41 0.03944924 Yes

CCND1 NM_053056.2 mRNA −2.39 0.00667244 Yes

SMAD9 NM_005905.2 mRNA −2.25 0.03530474 Yes

PIK3R5 NM_001142633.1 mRNA −2.19 0.03369235 No

ID2 NM_002166.4 mRNA −2.18 0.01790669 No

ZIC2 NM_007129.2 mRNA −2.18 0.02588118 Yes

PBRM1 NM_181042.3 mRNA −2.12 0.00590484 Yes

COL5A1 NM_000093.3 mRNA −2.1 0.04878348 No

FASLG NM_000639.1 mRNA −2.09 0.03857623 No

BMP7 NM_001719.1 mRNA −2.06 0.01473878 No

FST NM_006350.2 mRNA 2 0.02455003 No

ITGB3 NM_000212.2 mRNA 2.41 0.03204901 No

DKK1 NM_012242.2 mRNA 2.67 0.00541677 No

CLCF1 NM_013246.2 mRNA 3.96 0.01814828 No

THBS1 NM_003246.2 mRNA 4.53 0.04309067 No

Values denote expression fold-changes and P values between HCC827 parental cells expressing a miR-494-3p mimic in combination 
with osimertinib versus cells expressing a scrambled negative control mimic in combination with osimertinib. Negative fold-change means 
reduced expression in the miR-494-3p mimic setting. Each condition was assayed in biological duplicates. 
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Table S3 KEGG-pathway analysis of genes suppressed >2-fold in HCC827 parental cells expressing a miR-494-3p mimic in combination with 
osimertinib versus cells expressing a scrambled negative control mimic in combination with osimertinib

Pathway Total Expected Hits P value

TGF-beta signaling pathway 92 0.155 5 2.54E-07

Signaling pathways regulating pluripotency of stem cells 139 0.234 4 6.29E-05

Hippo signaling pathway 154 0.259 4 9.38E-05

WNT signaling pathway 158 0.265 3 0.00206

Cell cycle 124 0.208 2 0.0177

PI3K-Akt signaling pathway 354 0.595 3 0.0193

FoxO signaling pathway 132 0.222 2 0.0199

Apelin signaling pathway 137 0.23 2 0.0214

Measles 138 0.232 2 0.0217

Oxytocin signaling pathway 153 0.257 2 0.0263

Hepatitis C 155 0.26 2 0.0269

Kaposi’s sarcoma-associated herpesvirus infection 186 0.313 2 0.0377

Transcriptional misregulation in cancer 186 0.313 2 0.0377

Proteoglycans in cancer 201 0.338 2 0.0434

KEGG pathway analysis was computed through the NetworkAnalyst 3.0 software. KEGG, Kyoto encyclopedia of genes and genomes. 
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