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Abstract: Lung cancer remains the leading cause of cancer-related mortality worldwide, with non-
small cell lung cancer (NSCLC) as the most common type. In addition, NSCLC has a high mortality
rate and an overall adverse patient outcome. Although significant improvements have been made in
therapeutic options, effectiveness is still limited in late stages, so the need for a better understanding
of the genomics events underlying the current therapies is crucial to aid future drug development.
Vinorelbine (VRB) is an anti-mitotic chemotherapy drug (third-generation vinca alkaloid) used to
treat several malignancies, including NSCLC. However, despite its widespread clinical use, very little
is known about VRB-associated genomic alterations in different subtypes of NSCLC. This article is an
in vitro investigation of the cytotoxic effects of VRB on three different types of NSCLC cell lines, A549,
Calu-6, and H1792, with a closer focus on post-treatment genetic alterations. Based on the obtained
results, VRB cytotoxicity produces modifications on a cellular level, altering biological processes such
as apoptosis, autophagy, cellular motility, cellular adhesion, and cell cycle, but also at a genomic
level, dysregulating the expression of some coding genes, such as EGFR, and long non-coding RNAs
(lncRNAs), including CCAT1, CCAT2, GAS5, MALAT1, NEAT1, NORAD, XIST, and HOTAIR, that are
implicated in the mitogen-activated protein kinase (MAPK) signaling pathway. Therefore, although
extensive validation is required, these results pave the way towards a better understanding of the
cellular and genomic alterations underlying the cytotoxicity of VRB.

Keywords: vinorelbine; NSCLC; EGFR; lncRNA; MAPK

1. Introduction

Lung cancer constitutes the leading cause of cancer-related mortality globally, with
an estimated number of deaths of 1.7 million, according to the Global Cancer Observatory
(GLOBOCAN) [1]. Non-small cell lung cancer (NSCLC) is the most common form of lung
cancer, constituting around 85% of all lung cancer cases [2]. As NSCLC is associated with a
high mortality rate, even more so in advanced stages, many therapies have been developed
for this condition [3]. Nonetheless, the literature suggests that the optimal outcomes
achieved are through chemotherapy, often including combinations of platinum-based
drugs and cytotoxic agents such as vinorelbine (VRB) [3].

Despite the developments and optimization of already commonly prescribed drugs,
NSCLC has a low 5-year survival (less than 18% in late stages), often attributed to treatment
resistance [4–6]. This resistance often arises from mutations in oncogenes, and, as such,
identifying novel pathways for treatment resistance is essential to developing higher-
efficacy therapies [5].

VRB is a Vinca alkaloid antimitotic that has been thoroughly studied as a single agent
or combined with other treatments, with its efficacy proven in multiple cancers, includ-
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ing NSCLC [7–12]. VRB exerts its anticancer effects primarily by inhibiting microtubule
dynamics, causing mitotic arrest and apoptosis [12,13]. Although VRB functions have
been comprehensively assessed, studies evaluating its effects on novel oncogenes and
pathways in which resistance to VRB occurs are been scarce [14]. Moreover, several arti-
cles have suggested tumor proliferation to take place during VRB treatment, with some
suggesting a possible mechanism leading to epidermal growth factor receptor (EGFR)
sensitization [15,16]. This suggests EGFR inhibitors in combination with VRB as a possible
therapy for NSCLC.

Nonetheless, clinical trials provided conflicting results, with evidence that EGFR
inhibition in combination with VRB does not improve survival in NSCLC [17,18]. Other
research has indicated that EGFR mutations predict poor prognosis for NSCLC patients
treated with VRB in combination with platinum-based chemotherapy, with evidence of
variable treatment-response according to occurring co-mutations [19]. Previous preclinical
studies have already shown that EGFR activity is altered following VRB treatment in breast
cancer cells [20].

Further, research suggested possible involvement of long non-coding RNAs (lncRNAs)
as prognostic signatures in lung cancer [21]. One review by Liu et al. suggested several
lncRNAs as regulators of proliferation in lung tumors [22]. Multiple lncRNAs have been
shown to have regulatory actions on the mitogen-activated protein kinase (MAPK) signaling
pathway [23–25]. The MAPK pathway is a complex cascade of protein kinases that is
known to play a pivotal role in the tumorigenesis, proliferation, apoptosis, and metastasis
of cancer and other diseases [26]. However, no in vitro studies assessed the effects of VRB
on lncRNAs relevant to the MAPK pathway in NSCLC so far.

The objectives of this study were to comprehensively assess the effects of VRB on
3 NSCLC cell lines in vitro, encompassing cellular functions such as viability, apoptosis,
autophagy, and proliferation. Moreover, the objectives included assessing gene transcript
expression alterations and correlations of EGFR and MAPK-associated lncRNAs.

To achieve these objectives, we first utilized MTT assays to determine the sensitivity
of cell lines to various VRB doses. We also performed autophagy, apoptosis, and scratch
assays to evaluate cell death within the cell cultures and assess the effects of VRB on
apoptosis and cell migration parameters. Next, we performed cell cycle analysis to assess
the antimitotic effects of VRB on cell lines. Finally, real-time polymerase chain reaction
(qRT-PCR) was performed to assess the difference in expression between VRB-treated and
control cell lines across a panel of 10 transcripts. To assess these expression differences, we
performed statistical analysis and gene set enrichment analysis (GSEA).

Our qRT-PCR panel includes the tyrosine kinase receptor (TKR) encoding gene for
epidermal growth factor receptor (EGFR) [27] as well as the following lncRNAs with
proven involvement in MAPK pathway regulation: colon cancer-associated transcript-1
(CCAT1), colon cancer-associated transcript-2 (CCAT2), growth arrest-specific 5 (GAS5),
HOX transcript antisense RNA (HOTAIR), HOXA distal transcript antisense RNA (HOT-
TIP), metastasis-associated lung adenocarcinoma transcript 1 (MALAT1), nuclear paraspeckle
assembly transcript 1 (NEAT1), non-coding RNA activated by DNA damage (NORAD),
and X inactive specific transcript (XIST) [28–31].

Here, we report the results of these assessments, which include novel findings regard-
ing the variable responses of three NSCLC cell lines to VRB treatment. We further provide
insights regarding possible mechanisms through which VRB induces paradoxical effects,
potentiating tumor proliferation in NSCLC, depending on the genetic profile of the tumor.
To our best knowledge, this is the first in vitro study to investigate this transcript panel
utilized here using VRB on NSCLC cells.

2. Materials and Methods
2.1. Cell Lines and Treatment

Three human NSCLC cell lines, consisting of A549, Calu-6, and H1792, were main-
tained in Ham’s F12 Nutrient Mixture (Gibco®, Waltham, MA, USA, Cat. no. 11-765-054),
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Minimum Essential Medium (Gibco®, Cat. no. 11-095-080), and RMPI 1640 (Gibco®, Cat.
no. 11-875-093), respectively. All media were supplemented with 10% fetal bovine serum
(FBS, Gibco®, Cat. no. 16-629-525) and 1% Penicillin/Streptomycin, while the H1792 was
additionally supplemented with 1% Glutamine. The culture medium and supplements
were purchased from Sigma-Aldrich. The cell lines were grown in a humidified atmosphere
at 37 ◦C and 5% CO2. We used VRB (GP8758, Glentham Live Sciences, Corsham, UK) and
incubated the cells post-treatment for 48 h.

A549 (ATCC CCL-185) cells are reported to have been derived from lung carcinoma of
epithelial-like morphology. Calu-6 cells (ATCC HTB-56) are derived from anaplastic lung
carcinoma. The H1792 cell line (ATCC CRL-5895) is derived from lung adenocarcinoma
and has epithelial morphology. Overall, all the cell lines come from metastatic NSCLC
according to ATCC.

2.2. MTT Assay

The dose-dependent sensitivity of cancer cell lines to VRB was determined through
the MTT assay. To begin, 1 × 104 cells/well were cultured in 96-well culture plates for
24 h at 37 ◦C in 5% CO2 atmosphere incubators. After 24 h incubation, cell cultures were
treated with different doses of VRB (1 nM, 5 nM, 10 nM, 25 nM, 50 nM, 75 nM, 100 nM,
250 nM). At 48 h after treatment, the medium was discarded, and 100 µL MTT solution
was added to every well. After 2 h incubation at 37 ◦C, the MTT solution was removed,
and the formazan crystal was solubilized with 100 µL DMSO (dimethyl sulfoxide). The
absorbance was measured at 570/690 nm for the cell viability assay in a microplate reader
(Synergy H1 Hybrid Reader Biotek, Winooski, VT, USA).

2.3. Apoptosis by Fluorescent Microscopy

We used the Multi-Parameter Apoptosis Kit (Cayman Chemicals, Ann Arbor, MI, USA,
Cat. no. ab176750) for the fluorescence microscopy evaluation of apoptosis. Cell staining
was performed according to the manufacturer’s protocol. Stained cells were analyzed at
UV wavelength for Hoechst and 560/595 nm for Tetramethyl rhodamine ethyl ester (TMRE)
staining on Olympus IX71 inverted microscope. Hoechst is a specific stain for the nucleus,
while TMRE indicates the mitochondrial membrane activity potential.

In addition, to quantify the apoptotic effects associated with the VRB treatment, we
used Caspase 3/7 and Hoechst staining according to the manufacturer’s protocol. We
used a Nexcelom Celigo S Image Cytometer BFFL—AV for this process. Data analysis was
performed with the dedicated software provided by the manufacturer.

2.4. Autophagy Assay

Using the Autophagy/Cytotoxicity Dual Staining Kit (Abcam, Cambridge, UK, Cat.
no. ab133075), in line with the manufacturer’s recommended protocol, autophagy of the
NSCLC untreated and VRB treated cell lines was assessed after 48 h incubation. Monodan-
sylcadaverine (MDC) was used to detect autophagic vacuoles and Propidium iodide (PI)
for dead cell identification. Autophagic cells were visualized by fluorescence microscopy.

2.5. Scratch Assay

Scratch assay was performed on all cell lines, using untreated and treatment groups.
Cells were seeded in a 24-well plate, and treatment groups were given VRB IC50. The
results were normalized at 0 h, 6 h, 24 h, and 48 h by brightfield microscopy.

2.6. Confluence

Confluence was determined following cell seeding in 6 well plates, separating each cell
line into VRB treated and untreated. Measurement was then taken at 48 h, and visualization
was performed using Nexcelom Celigo S Image Cytometer BFFL—AV.
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2.7. Cell Cycle Analysis

Cell cycle analysis was performed using Nexcelom Celigo S Image Cytometer BFFL—AV
to determine the cycle-arresting functions of VRB on all cell lines, with untreated cell lines
used as control groups. Cells were marked by Propidium iodide (PI).

2.8. qRT-PCR

Following the assays and the determination of the VRB IC50 dose for the three NSCLC
cell lines, qRT-PCR was performed for the EGFR gene, and CCAT1, CCAT2, GAS5, HOTAIR,
HOTTIP, MALAT1, NEAT1, and NORAD lncRNA. Housekeeping (HK) genes used were
B2M, HPRT, and GAPDH. RNA was first isolated from three untreated and three VRB-
treated cells of each cell line using the Trizol (TriReagent Sigma-Aldrich, St. Louis, MO,
USA) protocol, and the quantitative and qualitative control was performed by Nanodrop-
1000 spectrophotometer (ThermoScientific, Waltham, MA, USA). cDNA synthesis was per-
formed with a High-Capacity Reverse Transcription Kit (ThermoFisher Scientific, Waltham,
MA, USA). qRT-PCR was subsequently performed on the predefined qRT-PCR panel using
the SYBR® Select Master Mix (Applied Biosystems, Waltham, MA, USA, Cat. no. 44-729-
20) according to the manufacturer protocols. Threshold cycle (Ct) values were obtained
through fluorescence emission. Ct values were normalized against the geometric mean of
the three HK genes. The qRT-PCR data analysis was conducted using the ∆∆Ct method, as
previously described by Berindan-Neagoe et al. [32].

2.9. Gene Set and Ontology Enrichment

GSEA and gene ontology (GO) analysis were performed in Python v3.11 [33] in ana-
conda within jupyter lab v3.6.3 [34,35], through the gseapy v1.0.6 [36] module. MSigDB
gene sets were utilized for GSEA, found at https://www.gsea-msigdb.org/ (accessed
on 20 September 2023). GSEA was performed on all available collections in the MSigDB
database. Gene transcript ranking was performed by multiplying the average log2FC
by −10 log of adjusted p-values. To adjust p-values, we used the Benjamini–Hochberg
procedure. To adjust for the relatively small qRT-PCR panel, and the exploratory nature
of this study, gene set matching size was set to 1. Other gene sets utilized were miR-
TarBase_2017 [37], and TRANSFAC and JASPAR PWMs to predict possible transcription
factors and associated miRNAs [38].

2.10. Statistical Analysis

The non-parameteric t-test was utilized to determine significantly altered expres-
sion for the qRT-PCR panel, which was conducted using GraphPad Prism software v.9
(GraphPad Software, San Diego, CA, USA). To determine inter-cell-line significantly al-
tered expression, the ANOVA one-way test was performed on ∆∆Ct values; this was
performed using numpy v1.23.5 [39] and scipy v1.10.1 [40] modules in python [33]. Values
for lncRNA/gene expression are represented as mean ± standard deviation. For all the
statistical analyses performed, a p-value < 0.05 was considered statistically significant.
For the ANOVA test, to denote the statistical significance for inter-cell-line expression
difference, we used the Bonferroni corrected p-value < 0.008.

For Pearson’s correlation coefficients determination, numpy v1.23.5 [39] and scipy
v1.10.1 [40] modules were used in python [33]. Visualization of Pearson’s correlation
coefficients, the differentially expressed transcripts, as well as GSEA results was con-
ducted through the python [33] modules matplotlib v3.7.1 [41], seaborn v0.11.2 [42], and
gseapy [36]. Datasets were prepared through the pandas v1.5.3 [43] module.

3. Results
3.1. VRB Induces NSCLC Cell Death at Different IC50 Depending on the Cell Line

Each of the treated NSCLC cell lines was exposed to different VRB concentrations
(1 nM, 5 nM, 10 nM, 25 nM, 50 nM, 75 nM, 100 nM, and 250 nM) to determine the IC50.
Readings for the MTT assays at 48 h revealed that the IC50 for the A549, Calu-6, and H1792

https://www.gsea-msigdb.org/
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treatment groups were 27.40 nM, 10.01 nM, and 5.639 nM, respectively (p ≤ 0.0001 for all)
(as shown in Figure 1). Following the determination of IC50 for each cell line, the same
concentration was utilized in both the control and treated cell populations from all cell
lines for the subsequent experiments.
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Figure 1. MTT assay results denote IC50 for each cell line. (a) A549 cell lines viability reaches 50%
the original population at 27.40 nM at 48 h (left). Concentration distribution and efficacy of VRB on
A549 cell lines (right). (b) Calu-6 cell lines viability decreased to half the original population at IC50

of 10.01 nM (left). Concentration is shown to be producing inhibitory effects at 10 nM (p < 0.0001)
(right). (c) H1792 cell lines decrease in population according to concentration (left). H1792 VRB
treated cell population decreased to half at 5.639 nM of VRB (right). IC50: Half maximal inhibitory
concentration; CTR: Controls (Untreated). Vino: VRB (treated).
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3.2. VRB Confers Cell Death via Apoptosis with Variable Efficacy

Results for the apoptosis assay at 48 h showed a significant decrease in the population
of all cell lines, with variable efficacy. As the most significant decrease in cell line population
was observed in Calu-6 cell lines (p ≤ 0.0001) (Figure 2). Further analysis revealed that the
most significant prevalence of apoptotic cells was among the H1792 cell lines (p = 0.0013).
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Figure 2. Apoptosis assay of VRB on NSCLC cell lines. (a) Comparison between untreated A549 cell
lines and VRB-treated cell lines. (b) Comparison between untreated Calu-6 cells and VRB-treated cells.
(c) Demonstrated a comparison between control H1792 cells and VRB-treated cells. Red fluorescence
indicates membrane mitochondrial activity, and blue indicates nuclear activity. VRB-treated cells
undergo apoptosis and lose mitochondrial activity, and therefore decrease in number. (d) Apoptosis
assay showing an increase in apoptotic cells % in VRB treated populations in variable degrees
compared to controls. (e) Analysis of viable cell lines shows higher VRB-untreated cell populations
than VRB-treated cells. CTR: Controls (untreated). Vino: Vinorelbine (treated).

3.3. VRB Induces Autophagocytosis in All NSCLC Cell Lines

As for the autophagy assays, similar results were obtained in terms of the significant
efficacy of VRB in causing autophagocytosis amongst all cell lines. However, the most
significant difference between the treated cell lines and controls was observed in the H1792
cell line, with the lowest significance observed in the A549 cell line (p = 0.019) (Figure 3).
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3.4. NSCLC Cells’ Migration Is Altered under VRB Treatment

To further assess the variation in the in vitro healing rate and migration across the
NSCLC cell lines following VRB treatment, scratch assay was performed. The scratch
assay revealed that Calu-6 controls had the fastest healing rate, completely returning to
baseline cell population numbers at 24 h while simultaneously being the most affected
by VRB treatment. VRB-treated Calu-6 cell lines had the largest scratch gap difference
amongst the cell lines, signifying they had the most altered motility under VRB treatment.
H1792 cell lines seemed to be least affected by VRB amongst the cell lines, compared
to controls, albeit still affected. As for A549 cells, control cell populations seemed to be
exponentially recovering, while VRB-treated cells appeared to have drastically decreased
in wound healing rate from around 6 h until the last reading at 48 h (Figure 4).

3.5. VRB-Treated Cell Lines Had Significantly Altered Confluence in Comparison to
Untreated Cells

Confluence was also assessed, further demonstrating the significant efficacy of VRB
across all cell lines, with the most significant difference between untreated and treated cell
lines at 48 h in Calu-6 cells (p = 0.002). With less efficacy appearing on H1792 cells while
still achieving statistical significance (p = 0.0343) (Figure 5).

3.6. VRB Confers Cell Cycle Arrest Differently in a Cell-Line-Dependent Manner

Since the NSCLC cell lines showed variable treatment responses to VRB, we sought to
further understand whether VRB affects cell cycles depending on the cell line. Cell cycle
analysis showed significant differences in all VRB-treated cell populations compared to
controls at all cell cycles across the board, with one exception observed in H1792 cells in the
G0/G1 transition phase. Although not achieving significant differences in all cell cycles in
H1792, VRB seemed to have some effects on the cell line, arresting other cell cycle phases
despite demonstrating the lowest efficacy compared to the other cell lines (Figure 6).
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Figure 4. Scratch assay results in NSCLC cells. Change in the healing rate of (a) A549, (b) Calu-6,
and (c) H1792 cell lines, observed by microscopy. (d) Analysis of VRB-treated A549 cells healing rate
in comparison to controls. (e) Analysis of VRB-treated Calu-6 cells healing rate in comparison to
controls. (f) Analysis of VRB-treated H1792 cells healing rate in comparison to controls.
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Figure 5. NSCLC cells colony forming inhibiting effects exerted by VRB. (a) A549 cell lines confluence
decreased after VRB introduction. (b) Calu-6 cell line confluence was impacted significantly after
VRB treatment. (c) H1792 cell confluence was affected the least by VRB, although the results from
this cell line remained significant. (d–f) represent the difference in confluence and colony-forming
capacity in control and VRB-treated cells.
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VRB showed variable efficacy in arresting cells in different cell cycle phases. For
example, A549 cells sustained the most significant effects on the subG0/G1 inactive phase
(p ≤ 0.0001) while experiencing less effects on the G2/GM and S phases, respectively.
Nevertheless, the results remained significant. VRB demonstrated similarly substantial
effects in both the G0/G1 and G2/GM phases on the Calu-6 cells (p ≤ 0.0001). At the same
time, they incurred the most minor efficacy in their S phase (p = 0.013). Table 1 compares
pre- and post-treatment cell populations in each phase of the cell cycle.

Overall, VRB had reliable efficacy on all cell lines, with various effects on different
aspects of the selected NSCLC cell lines. VRB-treated cells were significantly more apoptotic,
produced more autophagosomes, had less colony-forming capacities, and demonstrated a
weaker recovery rate than control cell lines. VRB-treated cells showed substantially more
inhibited cell proliferation through the antimitotic effects of VRB, indicating significant cell
cycle differences compared to controls across all cell lines except for the H1792 cells.
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Figure 6. Cell cycle analysis results. The amount of PI fluorescent intensity is correlated to the
amount of DNA within each cell. Since the amount of DNA doubles (2n→ 4n) between the G1 and
G2 phases, the cell population’s fluorescent intensity doubles from 2000 to 4000 fluorescence units.
(a,b) PI intensity histogram and cell cycles populations analysis at 48 h for A549 cell lines, respectively.
A549 VRB treated cell line had a higher population of cells in the subG0/G1 phase than controls.
The opposite happened in the G0/G1 phase, indicating more cells might have been arrested in the
subG0/G1 phase following VRB treatment. Other significant differences were observed in different
cell cycle phases comparing VRB-treated cells to controls. (c,d) PI histogram and cell cycle analysis
for Calu-6 cell lines. Similarly, as in the A549 cells, VRB-treated cells had a higher population in the
subG0/G1 phase than controls, leading to a decreased population in the G0/G1 phase. Following
similar patterns to A549 cells in the subsequent phases, albeit to a higher degree. (e,f) for H1792 cells,
VRB-treated cells had a higher population than control cells in the subG0/G1 phase. However, in the
G0/G1 phase, there was no significant difference in the VRB-treated cells and controls. Nonetheless,
significantly fewer cells were present in the S and G2/GM cell cycle phases in the VRB-treated cells
than controls. CTR: Untreated cell lines. Vino: VRB treated cells.
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Table 1. Pre- and post-treatment comparison of the cells number percentage in each phase of the
cell cycle.

Cell Line

Mean Number of Cells (%)

subG0/G1 G0/G1 S G2/M subG0/G1 G0/G1 S G2/M

Untreated Cells (Control) Cells Treated with VRB

A549 4.49 75.59 7.68 10.9 21.15 49.28 12.77 15.16

Calu-6 4.11 69.31 2.72 18.31 25.06 31.85 4.19 31.84

H1792 2.09 51.34 4.86 31.36 3.36 5.49 3.56 24.75

3.7. Changes in EGFR and lncRNA Expression Profiles after VRB Treatment Are Cell
Line-Dependent

Cell lines were divided into six samples, three controls and three VRB-treated groups,
using the VRB IC50 for each cell line as previously described. Following the extraction of
cDNA from the cell lines and sequencing of the preselected qRT-PCR panel described in
the methodology, a significant difference was found in the relative expression of several
gene transcripts. Statistical analysis of the relative expression levels in VRB-treated versus
untreated cells was conducted using the non-parametric T-test. CCAT1 and CCAT2 expres-
sion levels were undetermined in Calu-6 and H1792 cell lines. NEAT1 and HOTAIR levels
were undetermined in Calu-6. HOTTIP levels were undetermined in all cell lines.

Regarding transcripts with significantly altered expression, CCAT2 had higher expres-
sion levels in VRB-treated A549 than controls (Figure 7 shows the qRT-PCR results for
A549 cells). GAS5 had less expression in A549 and Calu-6 cells but higher expression in
H1792 cells in comparison to control cells (qRT-PCR results for Calu-6 cell line shown in
Figure 8). MALAT1 had significantly higher relative expression only in H1792 cell lines
(Figure 9 shows expression analysis results for H1792 cells). As for EGFR, it had lower
expression in A549 cell lines but higher expression in H1792 cells in comparison to controls.
NORAD had significantly higher expression in H1792 cells while decreased expression in
other VRB-treated cells, although not reaching statistical significance. XIST expression was
increased across all VRB-treated cell lines. Whereas for HOTAIR, VRB-treated A549 cells had
significantly less expression of this lncRNA. However, H1792 cells had a higher expression
than control cell populations, although it did not reach the significance threshold.

3.8. Statistical Analysis Reveals Altered Correlations of Expression Profiles in VRB-Treated
NSCLC Cell Lines

Statistical analysis of correlations of relative expression revealed several relationships.
Interestingly, GAS5 had a Pearson’s correlation coefficient of 0.84, 0.83, 0.9, and 0.7 with
CCAT2, MALAT1, EGFR, and NORAD, respectively, in A549 cell lines (Figure 10). As for the
Calu-6 cell line, GAS5 demonstrated a correlation of −0.77, 0.53, and 0.91 with XIST, EGFR,
and MALAT1, respectively. In H1792 cell lines, MALAT1 showed a Pearson’s coefficient of
0.77, 0.84, 0.91, 0.76, and 0.88 with GAS5, XIST, NORAD, EGFR, and GAS5, respectively.
Interestingly, MALAT1 showed consistently high correlations with GAS5 amongst all cell
lines. Due to the change of the relative expression in multiple cell lines, an inter-sample
ANOVA one-way test was performed in both controls and treated cell line populations
separately to determine significance between cell lines in relative expression, applying
Bonferroni’s corrected p-value (p < 0.008). Statistical significance was observed in relative
expression across all VRB-treated cell lines in GAS5, MALAT1, and EGFR.



Biomedicines 2023, 11, 3298 11 of 26

Biomedicines 2023, 11, x FOR PEER REVIEW 11 of 26 
 

 
(A) 

Figure 7. Cont.



Biomedicines 2023, 11, 3298 12 of 26Biomedicines 2023, 11, x FOR PEER REVIEW 12 of 26 
 

 
(B) 

Figure 7. (A) A549 cell line fold change for the qRT-PCR results. Differential expression levels be-
tween VRB treated and untreated A549 cells which could be determined for the EGFR gene and 
CCAT1, NEAT1, CCAT2, NORAD, GAS5, XIST, MALAT1, and HOTAIR lncRNAs (* p < 0.05, ** p < 
0.01). (B) ROC curves measuring the sensitivity and specificity percentage of the differential expres-
sion levels from the VRB-treated and untreated A549 cells which could be determined for the EGFR 
gene and CCAT1, NEAT1, CCAT2, NORAD, GAS5, XIST, MALAT1, and HOTAIR lncRNAs. AUC = 
Area Under the Curve. 

Figure 7. (A) A549 cell line fold change for the qRT-PCR results. Differential expression levels between
VRB treated and untreated A549 cells which could be determined for the EGFR gene and CCAT1,
NEAT1, CCAT2, NORAD, GAS5, XIST, MALAT1, and HOTAIR lncRNAs (* p < 0.05, ** p < 0.01).
(B) ROC curves measuring the sensitivity and specificity percentage of the differential expression
levels from the VRB-treated and untreated A549 cells which could be determined for the EGFR gene
and CCAT1, NEAT1, CCAT2, NORAD, GAS5, XIST, MALAT1, and HOTAIR lncRNAs. AUC = Area
Under the Curve.
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Figure 8. (A) Calu-6 cell line fold change for the qRT-PCR results. Differential expression levels 
between VRB-treated and untreated Calu-6 cells which could be determined for the EGFR gene and 
GAS5, NEAT1, MALAT1, NORAD, and XIST lncRNAs (* p < 0.05, ** p < 0.01). (B) ROC curves meas-
uring the sensitivity and specificity percentage of the differential expression levels from the VRB-
treated and untreated Calu-6 cells which could be determined for the EGFR gene and GAS5, NEAT1, 
MALAT1, NORAD, and XIST lncRNAs. AUC = Area Under the Curve. 

Figure 8. (A) Calu-6 cell line fold change for the qRT-PCR results. Differential expression levels
between VRB-treated and untreated Calu-6 cells which could be determined for the EGFR gene
and GAS5, NEAT1, MALAT1, NORAD, and XIST lncRNAs (* p < 0.05, ** p < 0.01). (B) ROC curves
measuring the sensitivity and specificity percentage of the differential expression levels from the
VRB-treated and untreated Calu-6 cells which could be determined for the EGFR gene and GAS5,
NEAT1, MALAT1, NORAD, and XIST lncRNAs. AUC = Area Under the Curve.



Biomedicines 2023, 11, 3298 15 of 26
Biomedicines 2023, 11, x FOR PEER REVIEW 15 of 26 
 

(A) 

Figure 9. Cont.



Biomedicines 2023, 11, 3298 16 of 26
Biomedicines 2023, 11, x FOR PEER REVIEW 16 of 26 
 

(B) 

Figure 9. (A) H1792 cell line fold change for the qRT-PCR results. Differential expression levels be-
tween VRB-treated and untreated H1792 cells which could be determined for the EGFR gene and 
GAS5, NEAT1, MALAT1, NORAD, XIST, and HOTAIR lncRNAs (* p < 0.05, ** p < 0.01). (B) ROC 
curves measuring the sensitivity and specificity percentage of the differential expression levels from 
the VRB-treated and untreated H1792 cells which could be determined for the EGFR gene and GAS5, 
NEAT1, MALAT1, NORAD, XIST, and HOTAIR lncRNAs. AUC = Area Under the Curve. 

3.8. Statistical Analysis Reveals Altered Correlations of Expression Profiles in VRB-Treated 
NSCLC Cell Lines 

Statistical analysis of correlations of relative expression revealed several relation-
ships. Interestingly, GAS5 had a Pearson’s correlation coefficient of 0.84, 0.83, 0.9, and 0.7 

Figure 9. (A) H1792 cell line fold change for the qRT-PCR results. Differential expression levels
between VRB-treated and untreated H1792 cells which could be determined for the EGFR gene and
GAS5, NEAT1, MALAT1, NORAD, XIST, and HOTAIR lncRNAs (* p < 0.05, ** p < 0.01). (B) ROC
curves measuring the sensitivity and specificity percentage of the differential expression levels from
the VRB-treated and untreated H1792 cells which could be determined for the EGFR gene and GAS5,
NEAT1, MALAT1, NORAD, XIST, and HOTAIR lncRNAs. AUC = Area Under the Curve.
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Figure 10. Correlation matrices of relative expression. Legend corresponds to Pearson’s correlation
coefficient.

Statistically significant expression differences were not observed in many transcripts
in the VRB-treated cell lines, with some values being undetermined. Nonetheless, anal-
ysis of ∆∆Ct changes was performed in all cell lines, documenting possible correlations
in the available data (Figure 11 shows a volcano plot of significantly upregulated and
downregulated transcripts).
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Figure 11. Volcano plot of differentially expressed transcripts in NSCLC cell lines. –log10(p-value)
as a significance threshold was set to 1.3, equal to p-value = 0.05. Higher –log10(p-value) indicates
higher significance of expression alteration. Significant fold change was considered below 0.5
(50% downregulation) or above 1.5 (150% upregulation). Shapes of data points indicate the cell line
of the corresponding lncRNA/gene.

3.9. GSEA and GO Analysis Show Cell-Line-Dependent Mechanisms of VRB Treatment Responses

Ranking the qRT-PCR panel according to the methodology was performed to further
investigate inter-sample differences in gene expression. Subsequently, GSEA was con-
ducted to further understand the pathways affected by VRB and the functionality of the
upregulated and downregulated transcripts in our panel.

As our transcript panel was relatively small, and the data regarding their functions
were scarce, the minimum size for gene set enrichment was set to 1. Due to the low
statistical power, a false discovery rate (FDR)≤ 0.1 was considered a significant enrichment
of the gene sets. Surprisingly, no gene sets were enriched with our qRT-PCR panel from the
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A549 cell line besides for the transcription factor ETS1. However, two biological processes
were significantly enriched for the other cell lines (Figure 12a,b).
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Figure 12. (a) GO enrichment with gene ranking in Calu-6. (b) GO enrichment with gene ranking in
H1792. Lower gene ranking refers to upregulated genes, while higher gene ranking refers to down-
regulated genes. The ranking metric explains the degree of upregulation and downregulation. The
enrichment score explains the matched genes’ involvement in the enriched pathway. NES: Negative
enrichment score. Pval: p-value before adjustment. FDR: False discovery rate.

Results of GO analysis for the Calu-6 cells revealed that NEAT1, XIST, and GAS5 were
enriched in negative regulation of gene expression. For the H1792 cells, a significantly
enriched ontology biological process was relevant to the cellular response to stress, en-
riched with EGFR, GAS5, and MALAT1. Downregulated transcripts from the H1792 cell
lines further enriched other biological processes involved in miRNA metabolic processes,
although with a higher FDR than our predefined threshold (FDR = 0.106) (Table 2).

Table 2. Gene ontology enrichment analysis for A549, Calu-6, and H1792 cell lines. ↓ indicates
downregulation of the matched gene in the enriched term/gene set. ↑ indicates upregulation.
FDR: False discovery rate.

Source Term Definition FDR Matched
Genes Cell Line

TRANSFAC and
JASPAR PWMs TFAP2A (human)

Transcription factor AP-2 alpha
(activating enhancer binding
protein 2 alpha). This gene

encodes a transcription factor
with complex functions, and

defects have been observed in
several diseases [44]. Was

observed to potentiate lung
adenocarcinoma [45].

0.015023 HOTAIR ↓
NEAT1 ↓ H1792

GO:0010629
GOBP_NEGATIVE_REGUL
ATION_OF_GENE_EXP

RESSION

Describes any process that
reduces frequency rate or extent

of gene expression.
0.027157

NEAT1 ↑
XIST ↑
GAS5 ↑

Calu-6

MiRTarBase_2017 hsa-miR-124-3p

lncRNA with
post-transcriptional regulatory
functions of gene expression.
Suppresses metastasis and
defects are associated with
several diseases including

breast and lung cancer [46].

0.036153 HOTAIR ↓
NEAT1 ↓ H1792
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Table 2. Cont.

Source Term Definition FDR Matched
Genes Cell Line

TRANSFAC and
JASPAR PWMs ETS1 (human)

Proto-oncogene with complex
functions, could induce

metastasis in NSCLC [47].
0.039859 HOTAIR ↓

GAS5 ↓ A549

MiRTarBase_2017 hsa-miR-21-5p

Was found to be upregulated in
most human cancers,

considered to predict prognosis
of lung cancer [48]

0.076526 EGFR ↑
GAS5 ↑ H1792

GO:0033554 GOBP_CELLULAR_RE
SPONSE_TO_STRESS

Describes processes that alters
cellular activity in terms of gene

expression or enzyme
production or similar functions.

0.081121
EGFR ↑
GAS5 ↑

MALAT1 ↑
H1792

GO:2000628
GOBP_REGULATION_OF
_MIRNA_METABOLIC_P

ROCESS

Describes processes that
regulate frequency, rate, or

extent of miRNA
metabolic process.

0.10689 EGFR ↑
GAS5 ↑ H1792

GO:0062197
GOBP_CELLULAR_R
ESPONSE_TO_CHEMI

CAL_STRESS

Processes altering cellular
activity due to the induction of
a stress response as a result of a

chemical stimulus.

0.10689 EGFR ↑
GAS5 ↑ H1792

GO:0034599
GOBP_CELLULAR_R
ESPONSE_TO_OXIDA

TIVE_STRESS

Processes that produce
alterations in cellular state or

activity due to oxidative stress,
often from exposure to high

levels of reactive
oxygen species.

0.10689 EGFR ↑
GAS5 ↑ H1792

GO:0006979 GOBP_RESPONSE_T
O_OXIDATIVE_STRESS

Processes that result in cellular
activity changes as a response to

elevated oxidative stress.
0.10689 EGFR ↑

GAS5 ↑ H1792

GO:2000630
GOBP_POSITIVE_REGU

LATION_OF_MIRN
A_METABOLIC_PROCESS

Involves cellular processes that
activate or elevate frequency,

rate, or extent of miRNA
metabolic process.

0.10689 EGFR ↑
GAS5 ↑ H1792

GO:0051254
GOBP_POSITIVE_RE
GULATION_OF_RN

A_METABOLIC_PROCESS

Involves cellular processes that
activate, or elevate the

frequency of
0.10689 EGFR ↑

GAS5 ↑ H1792

GO:0009894
GOBP_REGULATI

ON_OF_CATAB
OLIC_PROCESS

Involves processes that
modulate cellular

catabolic processes
0.10689 EGFR ↑

GAS5 ↑ H1792

GO:0098772
GOMF_MOLECULA

R_FUNCTION_REGU
LATOR_ACTIVITY

Regulators in this term regulate
activity of their targets via

non-covalent binding, without
inducing covalent modification

to their targets.

0.10689 EGFR ↑
GAS5 ↑ H1792

GO:0009057
GOBP_MACROMOL
ECULE_CATABOL

IC_PROCESS

Chemical reactions resulting in
the breakdown of high

molecular mass particles.
0.10689 EGFR ↑

GAS5 ↑ H1792

GO:0010586 GOBP_MIRNA_ME
TABOLIC_P ROCESS

Chemical pathways involving
miRNAs, regulating

gene expression.
0.10689 EGFR ↑

GAS5 ↑ H1792
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Table 2. Cont.

Source Term Definition FDR Matched
Genes Cell Line

GO:0009719
GOBP_RESPON
SE_TO_ENDO

GENOUS_STIMULUS

Describes processes that result
in cellular activity or state

alteration due to a stimulus
rising within the organism.

0.10689 EGFR ↑
GAS5 ↑ H1792

GO:1901698
GOBP_RESPONS
E_TO_NITROG

EN_COMPOUND

Processes that result in cellular
activity or state modification
following the exposure of a

nitrogen compound stimulus.

0.10689 EGFR ↑
GAS5 ↑ H1792

GO:0034660 GOBP_NCRNA_ME
TABOLIC_P ROCESS

Includes chemical pathways
and reactions in which

non-coding RNA transcripts are
involved.

0.10689 EGFR ↑
GAS5 ↑ H1792

4. Discussion

Although the overall survival rate of NSCLC patients has improved during the past
years, the genetic alterations NSCLC presents and its inter-patient heterogeneity represent
major obstacles to effective treatments [49]. This genetic heterogeneity has been implicated
in the variable responses to VRB treatment in NSCLC patients, as both single agent and in
combination with other drugs [19]. This variation in tumor response to treatment thereof
necessitates further investigations.

This article provides insight into many aspects of both the multifaceted effects of
VRB on NSCLC cell lines and the functions exerted by the predefined qRT-PCR panel,
particularly in this condition. Moreover, this is the first study to investigate VRB’s effects
on this specific set of lncRNAs in NSCLC cell lines in vitro, in particular CCAT1, CCAT2,
MALAT1, NEAT1, GAS5, NORAD, XIST, HOTAIR, and HOTTIP.

Interestingly during our experiments, amongst all NSCLC cell lines, there were differ-
ent responses to the applied VRB concentrations. The A549 cell line required 27.40 nM of
VRB to reach 50% of its original cell population, while H1792 cells required only 5.639 nM
of VRB to reach half the population. Further, Calu-6 cells required 10.01 nM. This is likely
due to the variable sensitivity of the NSCLC cell lines to VRB [50].

Further assessing VRB effects, using the IC50 concentration for each cell line con-
ferred significant apoptosis on all cell lines with variable efficacy. VRB also induced
autophagocytosis and reduced the scratch-healing rate effectively in all cell lines, while
further demonstrating variable efficacy across the NSCLC cells. The results here are in line
with previous results from our lab and literature [51–53]. VRB has been well documented
to produce variable effects in cancer therapy, owing to both, the type of tumor and its
respective genetic profile, and the administration pattern of the drug [54–56].

The effects of VRB on the cell cycle in the NSCLC cell lines were particularly interesting.
Our results show that VRB-treated A549 and Calu-6 cells had a higher population in the
G2/M phases of the cell cycles in comparison to controls, contrary to H1792 cell line. This
discrepancy may be attributed to the complex range of effects in which VRB affects cell
lines, and that it may not cause apoptosis in NSCLC explicitly through mitotic arrest [57].
Moreover, it could be possible that prior to VRB treatment, the cells within each cell line
were undergoing different stages of differentiation. Literature has previously suggested
that VRB affects cell cycle differently according to the phase during which the cell is treated,
and the responses are always cell line-dependent [58].

Although it has been established that VRB exerts its antitumor effects through altering
mitotic spindle dynamics in a dose-dependent manner, by binding to beta-tubulin at
the ends of microtubules, the precise pathways that cause its effects are yet to be fully
characterized [12,13,53,54,59]. This is in part due to evidence showing that VRB is capable
of conferring apoptosis in colorectal cancer cell lines regardless of mitotic arrest [57].
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The effects of VRB on the cell cycle should be further characterized by future research
in vivo, as it may be possible that cells that are able to survive VRB actions may have
enhanced proliferation as they accumulate in the G2/M phases of the cell cycle following
DNA repair. Research provided evidence that mitotic arrest can be overcome through the
depletion of several cellular proteins [60,61]. Further, an investigation by Busacca et al.
revealed that BRCA1 silencing revoked VRB-induced cell cycle arrest in mesothelioma [62].

To further understand the effects of VRB, several transcripts were analyzed through
qRT-PCR and returned several results. Inter-cell-line differences in expression were ob-
served in EGFR, GAS5, and MALAT1 through the ANOVA test. Comparing controls and
VRB-treated cells in each cell line using the t-test revealed that the alteration of EGFR
expression was cell line-dependent. EGFR was downregulated in A549 yet upregulated
in H1792. Similarly, GAS5 followed the same expression patterns. The literature suggests
that GAS5 overexpression is associated with suppressed cell growth and proliferation
in multiple cancers, and it is considered a sign of chemosensitivity [63–65]. GAS5 has
been further shown to have a negative correlation with EGFR in treatment-naïve NSCLC
tissues [66].

Surprisingly, VRB downregulated GAS5 in the A549 cells, and we have observed a
Pearson’s correlation coefficient of 0.9 and 0.95 between GAS5 and EGFR, in A549 and
H1792 cells respectively. GO analysis indicates that the increase in both GAS5 and EGFR
expression in H1792, is likely due to a process involved in the cellular response to nitrogen
compounds, which is VRB in this case (GO:1901698). Enriched gene sets with GAS5 and
NEAT1 in Calu-6 suggest that the significant upregulation of GAS5 and NEAT1 had to do
with functional responses to the drug, indicating a possible mechanism of interaction, likely
through the transcription factor AP-2 alpha [31,67].

Literature had previously reported that the cell lines included in our experiment have
different genetic profiles [68]. Moreover, reports indicated that VRB-treated cells with
mutated EGFR had increased expression of the receptor, leading to increased sensitivity to
EGFR Tyrosine Kinase Inhibitors (TKIs) [15,20,69]. These reports could possibly explain
our observation of the variability in EGFR expression in A549 and H1792 VRB-treated
cells. This variable response to VRB could have many implications in a clinical setting,
possibly explaining resistance development in some populations and decreased resistance
in others [15,20,69]. As some studies and clinical trials have confirmed combinations of
VRB and EGFR TKIs have high efficacy, further investigation of the relationship between
EGFR and VRB is warranted [16,70–73].

The positive correlation between GAS5 and EGFR under VRB treatment requires fur-
ther attention. As GAS5 downregulation is associated with poor prognosis in NSCLC, the
effects of VRB could potentially aggravate the tumor and induce further metastasis [74,75].
Clinically, GAS5 was suggested to have value as a diagnostic biomarker and as a therapeutic
target in several cancers as well [76,77]. Downregulation of GAS5 lncRNA was associated
with TKI resistance previously, which underlies the importance of investigating this par-
ticular lncRNA under VRB treatment [78]. The clinical significance of GAS5 expression
alteration under VRB treatment, is that it may render NSCLC cell subpopulations within
the same tumor resistant towards VRB under repetitive exposure. Future research should
target GAS5 expression in vivo under repetitive VRB administration.

Moreover, VRB increased the expression of XIST over all cell lines. Upregulated XIST,
MALAT1, and NEAT1 lncRNAs were predicted to modulate and promote cell develop-
ment and further metastasis in multiple cancers through mir-124-3p, but no studies in
lung cancer were done regarding other functions of these lncRNAs, or their response to
VRB [79,80]. Overexpression of these lncRNAs and their variable responses to VRB war-
rants further research, as they could explain possible pathways in which resistance to VRB
or further metastasis occurs or predict poor response or prognosis in certain NSCLC pa-
tients. It is possible that targeting these lncRNAs in combination with VRB could improve
survival rate.
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Other interesting associations included the consistently high correlation between
MALAT1 and GAS5 across all cell lines. These lncRNAs, in addition to XIST, were hypothe-
sized to play a role in radiosensitivity in A549 cells [81]. Nonetheless, studies regarding
their interplay, and specifically the interactions between GAS5 and MALAT1, are lacking,
which warrants future investigation.

Overall, while VRB has reliable efficacy and had undergone thorough assessment, it
may have possible interactions with genetic pathways that could contribute to increased
tumorigenesis [82]. Therefore, clinical setting should take into consideration the genetic
profile of the NSCLC tumor before prescribing Vinca alkaloids as they may contribute to
worsened prognosis due to lncRNAs that increase chemoresistance or contribute to the
metastasis and proliferation of the primary tumors. Also, based on our results, EGFR
may also be implicated in VRB response, especially when correlated with other MAPK-
associated lncRNAs.

Nonetheless, our study has several limitations. Our sample replicates were of relatively
low number, as well as our preselected gene panel, leading to low statistical power and
a risk of bias. We also considered FDR < 0.1 to be significant enrichment of gene sets.
However, as these lncRNAs, in addition to EGFR, act on similar pathways relevant to
MAPK, that made it possible to investigate multiple aspects of the pathway under the
effects of VRB. Therefore, we recommend future research to further investigate the possible
interactions of Vinca alkaloids with these lncRNAs in larger studies as well as in clinical
settings. The utility of MAPK-associated lncRNAs may be valuable as therapeutic targets
that could possibly significantly improve patients’ survival.

5. Conclusions

Our data indicate that despite the reliable efficacy of VRB, it might have possible
unexplored interactions with EGFR and MAPK-associated lncRNAs that could increase the
likelihood of tumor proliferation and metastasis. Relationships that were particularly inter-
esting included those with GAS5, XIST, and EGFR. The consistent correlation of MALAT1
and GAS5 across all NSCLC cell lines indicates a possible mechanism of interaction. Results
suggest that Vinca alkaloids have several interactions with MAPK pathway regulatory
genes, depending on the genetic profile of the tumor.

As our replicate size was of a low number, and our qRT-PCR panel was small limiting
the statistical power of our study, the conclusions of this research should be interpreted
with caution. Therefore, we recommend future research to further investigate these possible
interactions in larger samples and in clinical trials, as targeting these pathways could lead
to improved prognosis and higher efficacy in TKI-resistant populations.
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