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Purpose: Poor lung cancer patients’ outcomes and survival rates demand the discovery of new biomarkers for the specific, significant, 
and less invasive detection of non-small cell lung cancer (NSCLC) progression. The present study aimed to investigate the potential of 
miRNA expression as biomarkers in NSCLC utilizing a preclinical cell culture setup based on screening of miRNAs in NSCLC cells 
grown in 3D cell culture.
Patients and Methods: The study was performed using lung cancer cell lines, varying in different levels of aggressiveness: NCI- 
H1299, A549, Calu-1, and NCI-H23, as well as noncancerous bronchial epithelial cell line HBEC3, which were grown in 3D cell 
culture. Total RNA from all cell lines was extracted and small RNA libraries were prepared and sequenced using the Illumina NGS 
platform. The expression of 8 differentially expressed miRNAs was further validated in 89 paired tissue specimens and plasma 
samples obtained from NSCLC patients. Statistical analysis was performed to determine whether miRNA expression and clinico-
pathological characteristics of NSCLC patients could be considered as independent factors significantly influencing PFS or OS.
Results: Differentially expressed miRNAs, including let-7d-3p, miR-10a-3p, miR-28-3p, miR-28-5p, miR-100-3p, miR-182-5p, miR- 
190a-5p, and miR-340-5p, were identified through next-generation sequencing in NSCLC cell lines with varying levels of aggres-
siveness. Validation of patient samples, including tumor and plasma specimens, revealed that out of the 8 investigated miRNAs, only 
plasma miR-10a-3p showed a significant increase, which was associated with significantly extended progression-free survival (PFS) 
(p=0.009). Furthermore, miR-10a-3p in plasma emerged as a statistically significant prognostic variable for NSCLC patients’ PFS 
(HR: 0.5, 95% CI: 0.3–0.9, p=0.029).
Conclusion: Our findings of screening miRNA expression patterns in NSCLC cells grown in 3D cell culture indicated that the 
expression level of circulating miR-10a-3p has the potential as a novel non-invasive biomarker to reflect the short-term prognosis of 
NSCLC patients.
Keywords: NSCLC, miRNAs, non-invasive clinical biomarkers, 3D cell culture, survival

Introduction
Lung cancer is currently the most diagnosed cancer type among both men and women and is the leading cause of cancer- 
related deaths worldwide.1 Despite the progress made in diagnostics and treatment, more than 75% of lung cancer cases 
are diagnosed in advanced or metastatic stages.2 Non-small cell lung cancer, accounting for 85%, represents the most 
common type of lung cancer. Due to its rapid invasion and metastasis formation, the overall 5-year survival rate after 
initial diagnosis is lower than 15%.3 Therefore, investigating the molecular mechanisms involved in lung cancer 
carcinogenesis and progression is crucial for the development of new effective therapeutic targets.4

Poor NSCLC patients’ outcomes urgently demand the discovery of new biomarkers for the specific and less invasive 
detection of lung cancer progression. MicroRNAs (miRNAs) seem to join the pieces of this puzzle and may help to find out the 
biology of cancer cell invasiveness and migration processes.5 miRNAs are small non-coding ~22nt length RNAs that inhibit 
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mRNA translation or negatively regulate mRNA stability by binding to target mRNAs’ 3ʹ-untranslated region (3ʹ-UTR).6 

Accumulating evidence shows that miRNAs may be associated with NSCLC invasion, metastasis, and angiogenesis, as well 
as playing a critical role in either the progression or prognosis of lung cancer.7,8 Therefore, determining the regulatory 
functions of miRNAs and their undergoing mechanism is important for improving our knowledge of NSCLC development 
and progression.9 Previous studies in lung cancer patients show promising results for microRNA integration in clinical 
settings. A combination of miR-21, miR-210 and miR-486-5p were shown to successfully differentiate patients with benign or 
malignant pulmonary nodules from blood plasma.10 This same miRNA panel later demonstrated diagnostic potential in 
differentiating NSCLC from healthy individuals using blood plasma.11 miR-205 expression assay has been shown to identify 
squamous cell carcinoma using formalin fixed tissue samples.12 Serum miRNAs miR-486, miR-30d, miR-1 and miR- 
499 have been shown to work as predictors of overall survival.13 Even less invasive approaches are possible using 
miRNAs. miR-21 in sputum has been shown to diagnose NSCLC.14 A combination of miR-205, miR-210 and miR-708 in 
sputum has been shown to diagnose squamous cell carcinoma even at early stages of the disease.15 Another study identified 
sputum miR-31-5p and miR-210-3p as capable predictors of NSCLC.16

NSCLC cell lines play a crucial role in enhancing our understanding of the fundamental molecular principles 
underlying lung cancer invasiveness and the potential for metastasis formation, making them essential tools for 
preclinical research.17 For instance, H1299, also known as NCI-H1299 or CRL-5803, is a human non-small cell lung 
carcinoma cell line derived from lymph nodes. According to the study results, this cell line exhibits the most aggressive 
features.18 Like other immortalized cell lines, H1299 cells can divide indefinitely and are characterized by a lack of 
expression of the p53 protein due to a homozygous partial deletion of the gene.19 Other highly aggressive cell lines 
include Calu-1, an epidermoid lung carcinoma cell line with the Ras (K-ras) oncogene, and A549, adenocarcinoma 
human alveolar basal epithelial cells.20,21 The H23 cell line is characterized as a least aggressive non-small cell lung 
cancer cell line with the K-ras 12 mutation and a p53 mutation in codon 246 (ATC → ATG, isoleucine → methionine).18 

Thus, all these cell lines are extensively used in NSCLC research due to their representation of different NSCLC 
subtypes, including adenocarcinoma and squamous cell carcinoma. These well-characterized cell lines offer various 
genetic backgrounds and are valuable for investigating cancer mechanisms and testing new therapies. A further applica-
tion of cancer cell line models with varying levels of aggressiveness could be exploited to identify important biomarkers 
related to NSCLC invasiveness and progression.22

While two-dimensional (2D) cell cultures, involving monolayers on flat surfaces, have their utility, it does not 
faithfully replicate the in vivo environment as effectively as three-dimensional (3D) cell cultures do. Numerous studies 
have demonstrated that gene expression profiles in multicellular spheroid 3D models closely resemble those found in 
tumors in vivo.23 Accordingly, 3D cancer models hold significant biological relevance for preclinical testing of tumor 
development and progression.24 Given that the identification of novel biomarkers necessitates the use of hundreds of 
high-quality patient samples, which can impede the validation of reproducible, specific, and sensitive biomarkers, this 
suggests the utilization of NSCLC 3D cell culture models depicting a range of cancer cell aggressiveness could be 
applied for further discovery of new clinically relevant biomarkers.

The present study aims to investigate the potential of miRNA expression as biomarkers in NSCLC utilizing 
a preclinical cell culture setup based on screening of miRNAs in NSCLC cells grown in 3D cell culture. For this 
purpose, we employed human bronchial epithelial cell line HBEC3, as well as human lung cancer cell lines NCI-H1299, 
A549, Calu-1, and NCI-H23 cells, and grown them in 3D cell culture for 6 days. Illumina® NGS analysis revealed eight 
miRNAs were commonly expressed in NSCLC with the highest aggressiveness status. The expression analysis of 
selected miRNAs in 89 paired tumor tissue specimens and plasma samples from NSCLC patients revealed that, out of 
the 8 miRNAs tested after cell sequencing, only the circulating miR-10a-3p can be evaluated as a novel non-invasive 
biomarker for NSCLC outcomes. This suggests that using 3D cell cultures is a highly valuable tool for biomarker 
discovery. Additionally, determining miRNA expression in both tumor tissue and serum samples is crucial. Serum 
samples, in particular, are important because they offer a less invasive, less expensive, and less harmful approach for the 
patient. Overall, we show that the screening of miRNA profiles determined using cancer cells lines growing them in 3D 
cell cultures could have potential diagnostic applications in assessing patients with NSCLC.
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Materials and Methods
Cell Culture Maintenance
The human bronchial epithelial cell HBEC3 (ATCC No. CRL-4051) and human lung cancer cell lines NCI-H1299 
(ATCC No. CRL-5803), A549 (ATCC No. CCL-185), Calu-1 (ATCC No. HTB-54) and NCI-H23 (ATCC No. CRL- 
5800) were purchased from American Type Culture Collection (ATCC, USA). HBEC cells were grown in an Airway 
Epithelial Cell Basal Medium (ATCC PCS-300-030) supplemented with a Bronchial Epithelial Cell Growth Kit (ATCC 
PCS-300-040) containing 1% penicillin/streptomycin mix. NCI-H1299 and NCI-H23 cells were grown in ATCC- 
formulated RPMI-1640 Medium (ATCC 30-2020) containing 10% fetal bovine serum and 1% penicillin/streptomycin 
mix. A549 (ATCC No. CRM-CCL-185) cells were grown in ATCC-formulated F-12K medium (ATCC No. 30-2004) 
containing 10% fetal bovine serum and 1% penicillin/streptomycin mix. Calu-1 cells were grown in ATCC-formulated 
McCoy’s 5a Medium (ATCC 30-2007) containing 10% fetal bovine serum and 1% penicillin/streptomycin mix. Cells 
were cultured in 25 cm2 plastic cell culture flasks incubated at 37°C and 5% CO2. The medium was renewed every 2–3 
days. After the monolayer of cells became 80% confluent, sub-cultivation was carried out using 0.05% Trypsin-EDTA in 
DPBS (1x) (Capricorn Scientific GmbH, Germany).

3D Cell Culture Model
HBEC3, NCI-H1299, A549, Calu-1, and NCI-H23 cell lines were cultured in 3D cell cultures for a duration of six days. 
To achieve this, 5 × 103 cells of HBEC3, NCI-H1299, and A549, and 4×103 cells of Calu-1 and NCI-H23 were 
suspended in 200 μL of cell culture medium and seeded into individual wells of 96 round-bottom plates previously 
coated with a 1% agarose in water gel. The plates were subsequently centrifuged at 750 × g for 15 minutes. Imaging of 
the cells was performed every two days using an inverted optical microscope Eclipse TS100 and a digital camera DS-Fi2 
(Nikon, Japan). The size of the multicellular spheroids was determined using SpheroidSizer 1.0.25 Each experiment was 
conducted independently and repeated a minimum of three times.

Patients and Methods
The study was conducted using a total of 89 paired tissue specimens, which included both NSCLC tumors and their 
adjacent noncancerous tissues. Additionally, 89 plasma samples were collected from both NSCLC patients and healthy 
individuals to serve as normal controls. All samples were obtained from patients who had not undergone pre-operative 
chemotherapy or radiotherapy. The surgical treatment, which included either segmentectomy, lobectomy, or pneumo-
nectomy, was performed at the Department of Thoracic Surgery and Oncology of the National Cancer Institute in Vilnius, 
Lithuania, and was determined individually based on the specific location and extent of the cancerous process for each 
patient. All procedures were performed in compliance with relevant laws and institutional guidelines and have been 
approved by the Lithuanian Bioethics Committee (Approval No. 158200-05-455-141), and all patients provided written 
informed consent before sample collection. Following surgical treatment, all patients received four cycles of adjuvant 
combination therapy every three weeks, involving a platinum-based drug (cisplatin or carboplatin, administered intra-
venously at a dose of 80 mg/m2 and 5 AUC, respectively) and etoposide (administered intravenously at a dose of 120 mg/ 
m2) for further treatment. The adjuvant chemotherapy regimen commenced 3–4 weeks after the completion of surgical 
treatment. The median age of patients enrolled in the study was 68 years, including those at disease stages IB-IV. To 
improve the accuracy of statistical calculations, the subjects were subsequently divided into two groups: earlier stages (I– 
II) and later stages (III–IV), with both groups treated according to standard protocols. The median follow-up period for 
the patients was 49 months, with a range spanning from 1 to 98 months. Regarding treatment response, 49.4% (n=44) of 
patients exhibited a positive response (stable disease), while 50.6% (n=45) experienced disease progression. The 
clinicopathological characteristics of the study cohort are summarized in Table 1.

miRNA Isolation
To extract miRNA, the miRNeasy Mini Kit (Qiagen, Germany) was used according to the manufacturer’s instructions on 
all cell lines grown in 3D culture for six days. Upon resection, lung cancer tumors and their matched noncancerous 
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tissues underwent histological examination by a pathologist before being promptly frozen in liquid nitrogen and stored at 
−150 °C to ensure their preservation. Plasma samples from NSCLC patients and normal control samples were frozen and 
stored at −70 °C. Extraction of total RNA from tumor and adjacent normal tissues was carried out using the mirVanaTM 
miRNA isolation kit (Ambion, USA) following the manufacturer’s protocol. Similarly, miRNAs from NSCLC plasma 
and control samples were extracted using the miRNeasy Serum/Plasma Kit (Qiagen, Germany). The quantity and quality 
of RNA were evaluated using a Nanodrop instrument (ThermoFisher Scientific, USA). Bioanalyzer 2100 (Agilent, Santa 
Clara, California, USA) was used for subsequent RNA integrity assessment based on the evaluation of 28S and 18S 
ribosomal subunit peaks in the electropherogram.

Table 1 Clinicopathological Characteristics 
of NSCLC Patients

Characteristic Cases, n (%)

Age

≤ 68 47 (52.8)

> 68 42 (47.2)

Gender

Female 12 (13.5)
Male 77 (86.5)

Smoking status

Never 35 (39.3)

Smoking 54 (60.7)

Pathological stage

Stage I/II 65 (73.0)
Stage III/IV 24 (27.0)

Lymph node status
N0 49 (55.1)

N1 23 (25.8)

N2 17 (19.1)

Tumor differentiation grade

G1 5 (5.6)
G2 30 (33.7)

G3 54 (60.7)

Tumor histology

ADC 45 (50.6)

SCC 44 (49.4)

Treatment response

Stable disease 44 (49.4)
Progression 45 (50.6)

Abbreviations: N0, no regional lymph nodes involve-
ment; N1, involvement of ipsilateral peribronchial and/ 
or ipsilateral hilar lymph nodes (includes direct exten-
sion to intrapulmonary nodes); N2, involvement of the 
ipsilateral mediastinal and/or subcarinal lymph nodes; 
G1, well differentiated; G2, moderately differentiated; 
G3, poorly differentiated; ADC, adenocarcinoma; SCC, 
squamous cell carcinoma.
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miRNA Sequencing and Data Processing
Using the QIAseq miRNA Library Kit (Qiagen, Germany) as per the manufacturer’s instructions, small RNA libraries 
were prepared. NextSeq 550 (Illumina, USA) was used for high-throughput sequencing. Finally, the quality of Next 
Generation Sequencing (NGS) data of small RNA was evaluated using FastQC v.0.11.5, as previously described.26 3ʹ 
adapter sequences were removed using Cutadapt v.1.15 tool.27 Reads shorter than 15 nucleotides and less than quality 
score 25 were excluded from further analysis. The remaining reads were aligned to the human genome GRCh38p12 
using a short-read aligner Bowtie2.28 Genome-mapped sequences were further aligned to the annotated mature miRNA 
sequences from the miRBase v22.1 data repository.29

To evaluate differences of miRNA expression between cell lines cultivated as multicellular spheroids, the abundance 
of mapped mature miRNAs was measured, and counts were submitted for differential expression analysis using the 
edgeR application.30 Mature miRNA counts were normalized using the intrinsic TMM method. Statistical analysis was 
performed using Fisher’s exact test. To reduce false discovery rate, the Benjamini – Hochberg method was used to adjust 
p values. miRNAs with relative expression of 2-fold, adjusted p value less than 0.05, and at least 10 reads per million of 
mapped transcripts were considered significantly differentially expressed. NGS data were submitted to the GEO database 
and are available with accession number GSE245576.

miRNA Target Analysis
To assess the role of differentially expressed miRNAs Diana Lab Tools was used to extract target genes from the target 
database TarBase v8.31 WebGestalt 2019 online toolkit was used to perform KEGG pathway enrichment analysis of 
miRNA target genes.32 The weighted set cover function was used to reduce redundancy. Pathways with at least 5 genes 
assigned and a false discovery rate lower than 0.05 were considered significantly enriched.

Quantitative Real-Time PCR
For miRNA sequencing data validation, the expression of miRNAs in tissue and plasma samples was quantified by RT- 
qPCR method. cDNA synthesis was performed using Revert Aid RT Kit and stem-loop RT primer for tissue miRNA 
samples (ThermoFisher Scientific, USA) or using TaqMan MicroRNA Reverse Transcription Kit (Applied Biosystems, 
USA) for plasma miRNA. RT-qPCR was performed using Realplex4 Mastercycler thermocycler (Eppendorf, Hamburg, 
Germany). Evaluation of miRNA expression in tissue was performed using Luminaris HiGreen qPCR Master Mix 
(ThermoFisher Scientific, USA) or implementing TaqMan MicroRNA Assays with miRNA-specific primers (Applied 
Biosystems, USA) for plasma miRNA samples. In this study, all experimental procedures were conducted meticulously 
according to the manufacturer’s instructions to ensure accuracy of results. The expression levels of miRNA were 
analyzed in relation to the expression of the housekeeping gene RNU6B. To minimize the chances of error, each sample 
was assessed in triplicate, and the 2−ΔCt method was used to calculate the results.33

Statistical Analysis
The statistical analysis was performed using either the data analysis software package SPSS 20.0 (IBM Corp). or 
GraphPad v8.0 (GraphPad Software, Inc.). The normality of the data was checked using the Shapiro–Wilk W-test. 
Wilcoxon (for paired samples) and Mann–Whitney (for unpaired samples) tests were used to analyze the differences in 
expression levels between tumor and adjacent normal tissue. Based on gene (let-7d-3p, miR-10a-3p, miR-28-3p, miR-28- 
5p, miR-100-3p, miR-182-5p, miR-190a-5p, miR-340-5p) median expression (cut-off value), all patients were divided 
into two groups: low expression group (samples with less than median expression level) and high expression group 
(samples with above median value). The distribution of cases with low or high miRNA levels in tumor and plasma 
samples was analyzed using a two-sided Chi-square test or Fisher’s exact test, according to the demographic and 
clinicopathological characteristics of the patients. The overall survival (OS) and progression-free survival (PFS) were 
evaluated using Kaplan-Meier analysis and Log rank test. Univariate and multivariate Cox regression analysis was used 
to identify independent factors determining PFS or OS. Differences were considered statistically significant when the 
p-value was less than 0.05.
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Results
miRNA Expression Profiling in NSCLC Cells
To reveal miRNA expression patterns in lung cancer cells, miRNA sequencing was conducted on five lung cell lines 
cultured as multicellular spheroids. For this study we selected 4 cancer cell lines of putatively varying degrees of 
aggressiveness and 1 normal lung cell line to serve as baseline for miRNA expression levels. miRNA sequencing 
analysis revealed significant expression differences between cell lines (Figure 1A). In the least aggressive lung cancer 
cell line H23 272 miRNAs were differentially expressed, Calu-1 – 139, A549 – 207, and most aggressive H1299 – 252 
compared to normal lung cell line HBEC. Except for Calu-1 (46%) all other cell lines displayed dominant miRNA 
expression upregulation (65.8–67.9% of differentially expressed miRNAs were upregulated). The majority of differen-
tially expressed miRNAs were shared between at least two cell lines. Uniquely expressed miRNAs made up 61 (22.4%), 
9 (6.5%), 36 (14.3%), and 24 (11.6%) of all differentially expressed miRNAs for H23, Calu-1, H1299, and A549 cell 
lines respectively (Figure 1A). The analysis revealed that there were 8 commonly deregulated miRNAs in the more 
aggressive Calu-1, H1299, and A549 cells, therefore we selected them to investigate further (Figure 1B).

In accordance with global miRNA expression changes, 5 of 8 common differentially expressed miRNAs were 
overexpressed in all three aggressive cell lines (miR-10a-3p, miR-100-3p, miR-190a-5p, miR-28-5p, miR-28-3p, and 
miR-182-5p). miR-182-5p were exclusively downregulated in all aggressive cell lines, whereas the direction of regula-
tion of miR-340-5p and let-7d-3p in Calu-1 opposed that of H1299 and A549.

In silico analysis of potential miRNA target genes was performed to gain a better understanding of the biological 
pathways of differentially expressed miRNAs (Table 2). Target analysis revealed genes implicated in several KEGG 
pathways indicating that adherens junction, cell cycle, FoxO signaling pathway, and cellular senescence were the most 
enriched categories showing almost twice gene enrichment than random chance. Other significantly enriched KEGG 
pathways were implicated in protein processing and degradation, infectious diseases, cancer, and endocytosis.

miRNAs Expression in NSCLC Patient Samples
Since in vitro determined common miRNAs could be potentially associated with lung tumor aggressiveness as well, we 
selected these miRNAs (let-7d-3p, miR-10a-3p, miR-28-3p, miR-28-5p, miR-100-3p, miR-182-5p, miR-190a-5p, miR- 
340-5p) to further investigate whether it could provide valuable insights into cancer progression and prognosis in NSCLC 
patients as potential biomarkers in tumor tissue and plasma samples by qRT-PCR.

Figure 1 miRNA expression pattern in lung cancer cell lines in contrast to normal lung cell line. (A) Venn diagram demonstrating counts of statistically significant 
differentially expressed miRNAs in H23, H1299, Calu-1, and A549 (>2 fold-change, FDR<0.05, at least 10 mapped reads per million transcripts in miRNA library) compared 
to normal lung cell line HBEC. The bold text represents 8 commonly deregulated miRNAs in the more aggressive Calu-1, H1299, and A549 cells. (B) Expression pattern of 
miRNAs differentially expressed in lung cancer H23, H1299, Calu-1, and A549.
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miRNA expression analysis revealed that the expression level of let-7d-3p in NSCLC tissue was significantly 
increased compared to normal tissue (p < 0.001) (Figure 2A). Although Figure 2B indicated that the expression levels 
of miR-10a-3p is slightly higher in normal samples, there was no statistically significant difference in miR-10a-3p 
expression between cancer and normal specimens, in both tissue and plasma samples. Whereas, the expression level of 
miR-28-3p, miR-28-5p, miR-100-3p, miR-182-5p, miR-190a-5p, and miR-340-5p was significantly higher in normal 
samples compared to NSCLC tissue and plasma samples (Figure 2C–H). Overall, these findings underscore the potential 
importance of these miRNAs in the context of NSCLC pathogenesis and may warrant further investigation for their 
diagnostic or therapeutic implications in lung cancer.

miRNA Expression Levels in Relation to the Clinicopathological Characteristics
We investigated the distribution of low and high expression levels of let-7d-3p, miR-10a-3p, miR-28-3p, miR-28-5p, 
miR-100-3p, miR-182-5p, miR-190a-5p, and miR-340-5p in both tumor tissue and plasma samples among NSCLC 
patients. This analysis considered demographic and clinicopathological characteristics, using two-sided Chi-square or 
Fisher’s exact tests for evaluation (Tables S1–S4). Changes in miR-100-3p expression in tumor tissue were significantly 
associated with tumor histology (p=0.034), while miR-100-3p expression in plasma was significantly associated with 
patients’ smoking status (p=0.009). Moreover, low miR-10a-3p expression in NSCLC plasma samples showed 
a significant relationship with disease progression (p=0.020). The distribution between let-7d-3p, miR-10a-3p, miR-28- 
3p, miR-28-5p, miR-100-3p, miR-182-5p, miR-190a-5p, and miR-340-5p expression in tumor tissue as well as plasma 
samples and demographic, clinicopathological characteristics of the patients are presented in Tables S1–S4.

Association of miRNAs Expression Levels and NSCLC Patient Survival Rates
The prognostic value of let-7d-3p, miR-10a-3p, miR-28-3p, miR-28-5p, miR-100-3p, miR-182-5p, miR-190a-5p, and 
miR-340-5p expression in NSCLC tumor tissues and plasma samples was investigated. The median time of overall 
survival (OS) and progression-free survival (PFS) was established and compared to each group using Kaplan-Meier 
analysis.

The mean OS for all NSCLC patients was 51.4 months (95% CI: 44.2–58.6), and when stratified by high expression 
levels of specific miRNAs in tumor tissue and plasma, the OS rates varied as follows: for let-7d-3p, 49.2 months (95% 
CI: 39.2–59.3) in tumor and 52.4 months (95% CI: 43.3–61.6) in plasma; for miR-10a-3p, 51.5 months (95% CI: 

Table 2 KEGG Pathways of miRNA Target Analysis

Description Genes Ratio FDR

Adherens junction 38 2.2616 2.10E-06

Cell cycle 58 2.0043 4.49E-07

FoxO signaling pathway 61 1.9803 4.49E-07

Cellular senescence 73 1.9551 1.04E-07

Ubiquitin mediated proteolysis 55 1.7203 9.05E-05

Protein processing in endoplasmic reticulum 66 1.7141 1.80E-05

Human T-cell leukemia virus 1 infection 99 1.6636 7.22E-07

Viral carcinogenesis 74 1.5776 1.10E-04

Pathways in cancer 179 1.4583 4.49E-07

Endocytosis 78 1.3698 5.68E-03

Abbreviations: FDR, false discovery rate; the enrichment ratio is computed by dividing 
a number of genes mapped to a specific pathway by an expected number of genes to map by 
random chance. Expected values are calculated by multiplying proportional size of the 
pathway in relation to all annotated genes by the number of genes present in the input.
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Figure 2 Relative expression of selected miRNAs in NSCLC tissue (n=89) and plasma (n=89) compared to paracancerous and normal samples. The expression levels of let- 
7d-3p (A), miR-10a-3p (B), miR-28-3p (C), miR-28-5p (D), miR-100-3p (E), miR-182-5p (F), miR-190a-5p (G), and miR-340-5p (H) were normalized to the housekeeping 
gene RNU6B and determined by the 2−ΔCt method. Wilcoxon and Mann–Whitney tests were used to evaluate statistically significant differences. Whiskers of the boxplot 
denote the nonoutlier range. 
Notes: ** indicates p < 0.01, *** indicates p < 0.001, **** indicates p < 0.0001, n.s. indicates non-significant.
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41.6–61.4) in tumor and 48.2 months (95% CI: 37.7–58.7) in plasma; for miR-28-3p, 50.8 months (95% CI: 40.8–60.8) 
in tumor and 46.4 months (95% CI: 37.2–55.7) in plasma; for miR-28-5p, 52.3 months (95% CI: 42.2–62.3) in tumor and 
50.9 months (95% CI: 41.1–60.9) in plasma; for miR-100-3p, 46.2 months (95% CI: 37.3–55.1) in tumor and 50.0 
months (95% CI: 40.8–59.3) in plasma; for miR-182-5p, 51.0 months (95% CI: 41.4–60.7) in tumor and 51.4 months 
(95% CI: 41.4–61.4) in plasma; for miR-190a-5p, 47.6 months (95% CI: 37.7–57.4) in tumor and 51.4 months (95% CI: 
41.0–61.9) in plasma; and for miR-340-5p, 47.7 months (95% CI: 37.9–57.6) in tumor and 49.1 months (95% CI: 
38.9–59.3) in plasma. However, there were no statistically significant results between selected miRNAs expression and 
NSCLC patients OS rates (Figures S1 and S2). The analysis of OS in NSCLC patients, stratified by specific miRNA 
expression levels in tumor tissue and plasma, reveals nuanced variations in survival rates for individual miRNAs. Despite 
these variations, the absence of statistically significant results between miRNA expression levels and NSCLC patients’ 
OS rates suggests that the examined miRNAs may not be robust predictors of overall survival in this context. Further 
research and exploration are warranted to better understand the potential prognostic implications and clinical significance 
of these miRNAs in NSCLC OS rates.

Also, the mean PFS for all NSCLC patients was 57.8 months (95% CI: 49.3–66.4), and when stratified by high 
expression levels of specific microRNAs (miRNAs) in tumor tissue and plasma, the PFS rates varied as follows: for let- 
7d-3p, 58.0 months (95% CI: 45.6–70.3) in tumor and 61.2 months (95% CI: 49.4–73.1) in plasma; for miR-10a-3p, 60.8 
months (95% CI: 48.7–72.9) in tumor and 67.8 months (95% CI: 56.3–79.3) in plasma; for miR-28-3p, 56.1 months 
(95% CI: 44.0–68.2) in tumor and 57.2 months (95% CI: 45.2–69.1) in plasma; for miR-28-5p, 52.8 months (95% CI: 
41.1–64.6) in tumor and 59.9 months (95% CI: 48.0–71.7) in plasma; for miR-100-3p, 52.1 months (95% CI: 40.1–64.2) 
in tumor and 56.9 months (95% CI: 44.7–69.1) in plasma; for miR-182-5p, 55.5 months (95% CI: 43.2–67.8) in tumor 
and 55.7 months (95% CI: 43.4–67.9) in plasma; for miR-190a-5p, 55.6 months (95% CI: 43.6–67.5) in tumor and 63.9 
months (95% CI: 51.9–75.9) in plasma; and for miR-340-5p, 55.8 months (95% CI: 43.9–67.7) in tumor and 60.5 months 
(95% CI: 48.5–72.5) in plasma. Overall, data analysis demonstrated that patients with high miR-10a-3p expression in 
plasma (Figure 3B, p=0.009) had longer PFS rates than those with low miRNA expression. No other statistically 
significant results were identified (Figure 3A, C–H). Kaplan Meier curves of PFS according to selected miRNAs 
expression in NSCLC tumor tissue are presented in Figure S3.

Further analysis was done to identify the prognostic factors for OS and PFS of NSCLC patients. Univariate and 
multivariate Cox regression analysis was conducted on both tissue and plasma samples. Based on the univariate Cox 
regression analysis, lymph node status was identified as a prognostic factor for OS and PFS for NCSLC patients 
(respectively HR: 2.4, 95% CI: 1.0–4.6, p=0.006; HR: 2.8, 95% CI: 1.4–5.5, p=0.003). Moreover, NSCLC patients’ 
gender and tumor pathological stage also are statistically significant variables for NSCLC patients’ PFS rates (respec-
tively HR: 2.0, 95% CI: 1.0–4.1, p=0.047; HR: 2.5, 95% CI: 1.4–4.6, p=0.003). Finally, our results suggest that in 
NSCLC patient plasma samples circulating miR-10a-3p can be evaluated as a significant independent prognostic factor 
for progression-free survival (HR: 0.5, 95% CI: 0.3–0.9, p=0.029; Figure 4). Full Univariate and Multivariate Cox 
regression analysis of prognostic factors for NSCLC patients OS and PFS in tumor tissue and plasma is presented in 
Tables S5–S8.

Discussion
A growing number of studies focused on miRNA expression in NSCLC show significant promise in the advancement of 
cancer diagnosis and therapy. miRNAs possess the capacity to influence crucial signaling pathways in NSCLC, 
potentially enhancing the cytotoxicity of anti-cancer drugs and/or preventing drug resistance. This, in turn, can have 
an impact on the effectiveness of current treatment approaches and patients’ survival rates.34 Cell culture is a highly 
valuable tool employed in both fundamental and applied cancer research. For a sustained period, 2D cell cultures have 
served as in vitro models for investigating how cells respond to various stimuli, including physical and chemical signals. 
While these methods have been widely accepted and have advanced our comprehension of cell behavior, mounting 
evidence suggests that, in certain situations, the outcomes in 2D systems may diverge significantly from in vivo 
responses. Moreover, crucial aspects of cancer cell characteristics may be insufficiently represented in 2D cultures.35 

Cells cultivated in monolayers exhibit distinct cellular and extracellular interactions, resulting in modified morphologies, 
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Figure 3 Kaplan-Meier curves illustrating PFS based on the expression of selected miRNAs in NSCLC plasma samples (n=89). Patients were categorized into high and low 
expression cohorts based on the median value of let-7d-3p (A), miR-10a-3p (B), miR-28-3p (C), miR-28-5p (D), miR-100-3p (E), miR-182-5p (F), miR-190a-5p (G), and 
miR-340-5p (H). The comparison between groups was conducted using the Log rank test, with corresponding p-values displayed. The bold text represents the statistically 
significant results (p<0.05).
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genetic expression levels, treatment responses, and compromised access to metabolites and extracellular signals. To 
address this limitation, innovative 3D cell cultures are being developed to replicate in vivo conditions more accurately.36 

Key attributes of the 3D cell culture model include cell-to-cell and/or cell-to-ECM interactions and paracrine signaling 
facilitated by the diffusion of cellular secretions ‒ features absent in conventional 2D cell culture. Consequently, the 3D 
cell culture model is anticipated to evolve into a refined and effective biotechnological system for investigating human 
diseases.37 Therefore, NSCLC 3D cell culture models might play a crucial role in the exploration of novel clinically 
relevant biomarkers.

The present study demonstrated the connection of deregulation of let-7d-3p, miR-10a-3p, miR-28-3p, miR-28-5p, 
miR-100-3p, miR-182-5p, miR-190a-5p, and miR-340-5p with relative aggressiveness of NSCLC cell lines grown in the 
3D culture system. Although all the cell lines used originate from lung tumor, they are sourced from different tissue types 
and exhibit substantially different genomic alterations. For instance, H23 and A549 lines are derived from tumor tissue, 
whereas Calu-1 and H1299 are derived from lung cancer metastasis. In addition, these cell lines display different 
karyotypic profiles. For example, A549 and Calu-1 cell lines are reported to be hypotriploid. The cell lines also vary in 

Figure 4 A forest plot of prognostic factors for NSCLC patients’ PFS in plasma (n=89). A forest plot showing the hazard ratio and 95% confidence intervals associated with 
Univariate (A) and Multivariate (B) Cox Regression analysis of prognostic factors for NSCLC patients’ PFS in plasma samples. Circles represent the hazard ratio, and the 
horizontal bars extend from the lower limit to the upper limit of the 95% confidence interval of the hazard ratio estimate. Horizontal bars colored in orange represent the 
statistically significant results (p<0.05), horizontal bars colored in black represent the statistically non-significant results (p>0.05).
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driver gene mutations with the most common mutations found in TP53 (H23, Calu-1, H1299), KRAS (H23, Calu-1, 
A549) and SMARCA4 (H23, A549, H1299) genes. Therefore, differences in miRNA expression profiles between these 
cell lines might be inherent.38,39 Our earlier findings indicate the significance of employing 3D cell culture as an essential 
experimental strategy to clarify the regulation of genes and miRNA involved in molecular processes influenced by the 
tumor microenvironment in vivo.40 We demonstrated that colorectal cancer cells (CRC) cultivated in 3D culture showed 
different gene expression profiles in contrast to cells cultured in 2D. This included an increase in the expression of 
markers associated with cancer stem cells and endothelial-mesenchymal transition.41 Moreover, the application of 
radiation treatment led to distinct genome-wide gene expression patterns in CRC cultivated in 3D culture conditions 
compared to those in 2D.42 Through the application of a 3D cell culture technique, it was determined that miR-142-5p 
holds promise as a theranostic biomarker for Neoadjuvant Long-Course rectal cancer therapy.43 Therefore, we hypothe-
sized that miRNA expression patterns in NSCLC cells with different aggressiveness status grown in 3D cell culture 
conditions could potentially resemble the clinical tumor tissue significance and could be employed for the discovery of 
novel non-invasive biomarkers for NSCLC.

The identification of miRNAs that actively regulate tumorigenesis offers potential predictive and prognostic biomarkers 
for NSCLC patients.44 To address this question, we further validated the expression of eight selected miRNAs (let-7d-3p, 
miR-10a-3p, miR-28-3p, miR-28-5p, miR-100-3p, miR-182-5p, miR-190a-5p, and miR-340-5p) in eighty-nine NSCLC 
patients tumor tissue and plasma samples. The expression analysis of selected miRNAs for the first time demonstrates that in 
NSCLC patient plasma samples circulating miR-10a-3p is a significantly independent prognostic factor for progression-free 
survival. The identification of circulating miR-10a-3p as a clinically relevant biomarker holds considerable promise for its 
utility in personalized medicine and disease progression monitoring. The integration of miR-10a-3p assessment into 
personalized treatment strategies could enable more precise and tailored interventions, optimizing therapeutic outcomes 
for individual patients.45 Furthermore, the incorporation of miR-10a-3p into routine disease monitoring protocols not only 
offers a non-invasive and accessible means to detect potential relapses but also provides a valuable avenue for guiding timely 
therapeutic adjustments, emphasizing the translational potential of miR-10a-3p as a biomarker in advancing patient care 
within the context of targeted interventions and precision medicine approaches.46,47

The miR-10 family comprises two main members: miR-10a, located on chromosome 17, and miR-10b, located on 
chromosome 2. The nucleotide sequences of these two miRNAs exhibit a high degree of resemblance, suggesting 
potential similarities in their biological functions.48 A precursor miRNA has two arms: miR-5p and miR-3p. Depending 
on the tissue or cell types, one of the two or both arms can be abundant.49 Understanding the tumor-suppressive role of 
miR-10a-3p not only sheds light on the observed outcomes but also underscores its clinical significance, suggesting 
a promising application for individualized therapeutic interventions and enhanced disease management strategies.50 

Based on our miRNA target analysis using the KEGG pathway, we found that the targets of miR-10a-3p play crucial 
roles in regulating cell cycle, cellular senescence, and pathways associated with cancer. One of its target genes is VEGFA, 
known for its role in angiogenesis, a crucial process in tumor development, facilitating the transport of nutrients required 
for tumor growth.51 Another target gene, CCND1 encodes the cyclin D1 protein, contributing to cell cycle progression by 
inducing G1-S transition through activation of cyclin-dependent kinases, Cdk4 and Cdk6. Increased CCND1 expression 
has been associated with high histopathological grade, elevated Ki-67 levels, and an increased mitotic count in breast 
cancer samples.52 One crucial factor to consider in lung cancer is patients’ smoking history. Cigarette smoke, a complex 
mixture of chemicals, significantly alters gene expression, including miRNA profiles that may contribute to tumor 
progression and metastasis. For instance, smoke upregulates TGF-β1, which subsequently inhibits CDK4 and cyclin D1 – 
a potential target of miR-10a, leading to cell cycle arrest in alveolar epithelial cells.53 Alterations in miRNA expression 
caused by smoking can create a microenvironment that promotes tumor cell invasion and migration.54 Studies have 
shown that miR-10a demonstrates remarkable efficacy in suppressing the proliferation and migration of breast cancer 
cells, while also promoting apoptosis. This is achieved through its regulation of the PI3K/Akt/mTOR signaling pathway, 
which is a crucial regulator in various cellular processes such as survival, proliferation, migration, metabolism, and 
apoptosis.55 Additionally, by participating in the post-transcriptional regulation of BCL6, an important transcriptional 
repressor in B-cell differentiation implicated in apoptosis, cell cycle control, survival, and inflammatory responses, miR- 
10a-3p potentially impacts various cellular processes, underscoring its importance in cancer biology.56 Results from other 
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research groups have shown that high miR-10a-3p expression is associated with a higher probability of death compared 
to low miR-10a-3p expression, and it can be used as an independent risk factor for prognosis in patients with severe 
pneumonia.57 Additionally, miR-10a is significantly upregulated in lung squamous cell carcinoma compared to solitary 
metastatic lung tumors. Its expression in serum extracellular vesicles presents a promising noninvasive tool for the 
differential diagnosis of lung squamous cell carcinoma and solitary metastatic lung tumors.58 Moreover, Wang et al 
demonstrated that exosomal miR-10a, derived from colorectal cancer cells, decreases the proliferative and migratory 
abilities of primary normal human lung fibroblasts, and reduces the expression levels of IL-6, IL-8, and IL-1β in these 
cells, offering insights into the phenotypic alterations and mechanisms underlying lung metastasis in colorectal cancer.59 

Finally, high miR-10a expression has been associated with tumor node and lymph node metastasis, and through targeting 
PTEN, it promotes NSCLC cell proliferation, migration, and invasion in vitro.60 Thus, the multifaceted regulatory role of 
miR-10a-3p underscores its potential as a significant player in personalized therapeutic strategies and comprehensive 
disease management approaches.

Our study has some limitations. To begin with, artificial cell lines may not entirely reflect the complexity of in vivo 
biological systems, potentially leading to variations in responses and outcomes.61 Genetic instability that can occur during 
prolonged cell culturing, phenotypic variability, and the lack of complex in vivo microenvironment are additional challenges 
that may influence the reliability and reproducibility of experimental results.62 Moreover, the utilization of 3D cell cultures in 
this study introduces specific limitations. The homogeneity of cells in 3D cultures, the development of gradients in nutrients 
and oxygen, and the absence of an immune system, which holds significance in the physiological environment, may affect 
the consistency and replicability of results.63 Therefore, cancer organoids could better replicate the complexity of the tumor 
microenvironment, including cellular heterogeneity, extracellular matrix interactions, and physiological gradients.64 An 
additional limitation arises from the discordance in miRNA expression profiles between NSCLC cells and tissue/plasma 
samples. It may be potentially attributed to the intricate tumor heterogeneity characterizing varied cellular compositions and 
microenvironmental intricacies.65 Finally, the small sample size could introduce inherent limitations which could lead to the 
increased chance of overlooking significant tumor associated effects (eg tumor pathological stage) or relationships of selected 
miRNAs. Therefore, potential avenues for future research with larger, independent sample sizes are needed to validate and 
extend our present results. Despite these limitations, the current study deployed 3D cell culture model to investigate miRNA 
expression levels in lung cancer cells with varying aggressiveness status and explored the relationship between selected 
miRNAs and patient survival rates, providing valuable insights into the clinical basis for the prognosis of NSCLC.

Conclusions
Our screening of miRNA expression patterns in NSCLC cells grown in 3D cell culture revealed that, out of the 8 
miRNAs investigated (let-7d-3p, miR-10a-3p, miR-28-3p, miR-28-5p, miR-100-3p, miR-182-5p, miR-190a-5p, and 
miR-340-5p), only circulating miR-10a-3p demonstrated significant potential as a novel non-invasive biomarker for 
reflecting the short-term prognosis of NSCLC patients. Further investigations in diverse patient populations are required 
to verify the potential clinical application of miR-10a-3p.
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