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Abstract: Lung cancer is the second most frequent worldwide diagnosed cancer. Mutations in the
RAS genes family are among the most common oncogenic alterations occurring in non-small cell lung
cancer (NSCLC). Many treatment options against KRAS mutations have been developed for NSCLC;
however, they remain insufficient. Moreover, the role of KRAS and HRAS gene expression in lung
cancer remains unclear. However, inhibitors of RAS genes expression seem to be a good candidate for
new drugs agents in NSCLC. This study used bioinformatical analysis to determine KRAS and HRAS
gene expression and its clinical significance, and then examined the influence of three different RAS
inhibitors (farnesythiosalicylic acid (FTS), deltarasin and Kobe0065) on cell growth and the KRAS and
HRAS gene expression (by RT-qPCR) in human NSCLC A549 cells. KRAS and HRAS were shown
to be overexpressed in NSCLC compared to non-tumor lung tissues of healthy individuals (from
databases) and significantly associated with different clinicopathological features. It was also found
that FTS, in a dose-dependent manner, suppressed proliferation of human A549 cells, while deltarasin
reduced expression of HRAS in the lung cancer cells. To sum up, the results obtained from analyses
based on bioinformatics databases indicate that the studied genes are potential risk factors for the
development of lung cancer. On the other hand, studies of their expression on cell lines indicated
that they may also be potentially important in the response to treatment using RAS inhibitors.
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1. Introduction

In 2020, lung cancer was found to be the second most commonly diagnosed cancer
(11.4% of total cases) and the main cause of cancer death (18%) worldwide for men and
women. It is strongly associated with tobacco use as the most important risk factor [1]. Lung
cancer is divided into non-small cell lung cancer (NSCLC), which constitutes approximately
85% of all cases, and small cell lung cancer (SCLC), 15% of cases. Histologically, the two ma-
jor NSCLC subtypes are adenocarcinoma (LUAD) and squamous cell carcinoma (LUSC).
Due to the histological, biological, clinical and molecular heterogeneity of NSCLC, it is
typically diagnosed at advanced stages; as such, the efficacy of overall treatment remains
unsatisfactory [2]. It is essential to identify molecular alterations in tumor tissue or circulat-
ing tumor DNA (ctDNA) to implement targeted therapies. For instance, immunotherapies
based on tyrosine kinase inhibitors (TKI), and immune checkpoint inhibitors (ICI) based on
molecular testing (i.e., EGFR, KRAS, BRAF mutations and ALK, ROS1 rearrangements) have
been successfully introduced in routine clinical practice and have become an important
part of the NSCLC management [3]. Therefore, there is considerable research interest in the
prediction, diagnosis, treatment and prognosis of lung cancer. Another problem is acquired
drug resistance developed by tumor cells in different mechanisms; this poses a challenge in
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patients treated with molecular targeted therapy and thus requires a better understanding
of intra-tumoral heterogeneity [4].

RAS proteins (HRAS, KRAS, NRAS) are members of the small GTPase family involved
in cell growth, proliferation, differentiation, cell adhesion and migration [5]. Binding of
a ligand to receptor tyrosine kinases (RTK), or mutations in RAS, leads to activation of
downstream effector signaling pathways, such as RAF/MEK/ERK and PI3K/AKT/mTOR
signaling cascades, which frequently determines the survival of cells [6]. Oncogenic
alterations in KRAS, HRAS and NRAS genes frequently occur in lots of cancers, such as
pancreatic, colorectal or lung tumors. The main cause for converting these protooncogenes
into oncogenes are missense gain-of-function mutations [5], while 99% of mutations in
KRAS are predominant at residues G12, G13 or Q61. The major substitution in NSCLC
is G12C [7]. Therefore, a lot of attention has been directed toward the role of RAS family
mutational status as a potential therapeutic effect in NSCLC.

Mutations of KRAS have been found to be negative prognostic factors for survival
in NSCLC cases, as well as associated with shorter survival in advanced and at an early
stage of NSCLC [6,8,9]. On the other hand, KRAS-mutated NSCLC is a genetically strongly
heterogeneous subgroup with many co-occurring mutations (e.g., in TP53, STK11, KEAPI,
ATM, MET, ERBB2, EGFR, BRAF), which might have implications in the development of
treatment based on specific KRAS inhibitors [10].

In recent years, many studies have focused on using different compounds to suppress
oncogenic RAS signaling, i.e., through direct inhibition of RAS, inhibition of membrane as-
sociation or RAS effector signaling (RAF-MEK-ERK, PI3K-AKT-mTOR and RAL inhibitors),
using synthetic lethal interactors of mutant RAS or changes in RAS-driven metabolism [7].
Among numerous interesting RAS-dependent signaling inhibitors is deltarasin, a small
molecular inhibitor that blocks the interaction between KRAS-PDES and disrupts oncogenic
RAF/MEK/ERK and PI3K/AKT KRAS-dependent signaling. Zimmermann et al. indicate
that deltarasin plays a role in reducing the binding of KRAS to the plasma membrane, a
crucial process for KRAS activation function, in human ductal adenocarcinoma cell lines
harboring KRAS mutation. As a result, it suppresses proliferation of cells and favors in vitro
and in vivo apoptosis [11]. Another RAS family inhibitor is farnesylthiosalicylic acid (FTS;
salirasib), which functions as a mimic of the C-terminal S-farnesyl cysteine modification of
Ras. As a result, it decreases plasma membrane association, reduces RAS-GTP levels and
protein stability, and lowers effector signaling [7]. Another approach to the inhibition of
RAS function is blocking RAS—effector interaction. Shima et al. used the hydrazinecarboth-
ioamide (Kobe(0065) to inhibit interaction between RAS-GTP and the RAS binding domain
of Raf-1 with a Ki = 46 uM. In vitro models showed it decreased the phosphorylation of
downstream proteins in the RAS pathway (i.e., MEK, ERK, and AKT) and suppressed
the allosteric RAS binding site of Sos [12]. However, until now, only one RAS GTPase
family inhibitor, sotorasib, has been granted accelerated approval by the Food and Drug
Administration (FDA) for use in adult patients with KRAS G12C-mutated locally advanced
or metastatic NSCLC [13].

Given the important role of RAS proteins in the development of lung cancer, it is
important to better understand RAS-targeted therapies. Therefore, the present study
investigates the in vitro effects of possible RAS inhibitors known to disturb RAS oncogenic
signaling on NSCLC. Although some studies have evaluated the effects of deltarasin,
FTS and Kobe0065 on cell proliferation in NSCLC [14-16], they have not examined its
effect on KRAS and HRAS gene expression. The study first performs a bioinformatic
analysis of KRAS and HRAS gene expression levels in NSCLC and evaluates the prognostic
and therapeutic significance of these genes; it then examines the impact of three selected
chemical compounds (deltarasin, FTS and Kobe0065) on NSCLC A549 cell line viability
and on KRAS and HRAS mRNA expression levels, during a 48-h observation period
after stimulation.
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2. Materials and Methods
2.1. Gene Expression Bioinformatics Analysis
2.1.1. TNMplot

Differential KRAS and HRAS gene expression levels in a variety of human cancers
including NSCLC histological subtypes were compared with normal controls using the
web tool TNMplot (https://tnmplot.com/analysis/, accessed on 15 June 2022) [17]. These
analyses were based on RNA sequencing data.

2.1.2. The UALCAN Database

TCGA (The Cancer Genome Atlas) data available on the UALCAN portal (http:/ /ualcan.
path.uab.edu/index.html, accessed on 15 June 2022) [18] was employed to analyze the asso-
ciation between KRAS and HRAS expression with clinical features and demographic status,
i.e., age, individual cancer stages, and smoking status in lung squamous cell carcinoma
(LUSC) and adenocarcinoma (LUAD).

2.2. Cell Culture and In Vitro Assay
2.2.1. Material

The expression of the selected genes (HRAS and KRAS) was determined under the
influence of the specific compounds on the non-small cell lung cancer A549 human cell line.
The lung cancer cells used in the experiment were commercially purchased from Sigma
Aldrich, Germany and have a certificate of authenticity with the number ECACC (European
Collection of Authenticated Cell Cultures) 86012804. Chemical reagents deltarasin, FTS
and Kobe0065 were purchased from Selleck Chemicals (Houston, TX, USA); they were
dissolved in dimethyl sulfoxide (DMSO) to a 10 or 50 mM stock concentration and stored
as small aliquots at —20 °C until further use.

2.2.2. Cell Culture

The epithelial cells of the A549 cell line were characterized by an adherent type of
growth in culture which was grown in the presence of RPMI1640 medium enriched with
10% FBS (foetal bovine serum) and gentamicin (50 pg/mL). Cell culture was performed in
culture bottles under a humidified atmosphere containing 5% carbon dioxide saturation at
37 °C. Reagents used for cell culture were purchased from Genos, Lodz, Poland. Cultures
were passaged with trypsin before it reached 80% confluence. For the experiment, a culture
medium devoid of neutral red, serum and antibiotic was used to minimize the risk of
interference of the test compounds.

2.2.3. Evaluation of Cell Viability with the MTT Test

Assessment of the cytotoxicity of the tested compounds (deltarasin, Kobe0065, FTS)
on lung cancer cells was performed using the MTT test. The A549 cell lines were treated
with drugs doses selected on the basis of the publicly available data cited within the
manuscript [15,19-21]. In the first step, a cell suspension at a density of 1.5 x 10* cells/mL
was seeded into appropriately designed 96-well plates in a volume of 100 pL of cell
suspension/well. After incubating the cells for 24 h, the plates were loaded with test
compounds at various concentrations in the medium. The following concentrations of
drugs were used for the study: deltarasin (1.25; 2.5; 5 uM); Kobe0065 (2; 10; 20 uM); FTS (50;
100; 200 uM) (See Supplementary Figure S1 for chemical structures of compounds [22-24]).
The cells were exposed to the compounds for 24 and 48 h. After the incubation was
completed, an enzymatic reaction was carried out with mitochondrial dehydrogenase. In
the first stage of the MTT test, the plates were loaded with 100 uL of 3-(4,5-Dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide per well and left for two hours for incubation. In the
next stage, the formed crystals of formazan were dissolved with solubilization solution and
the plates were read colorimetrically at 570 nm. Cell viability was then calculated for each
concentration of test compounds. At least three independent experiments were performed.
IC50 values (the concentrations required to inhibit growth by 50%) were calculated by


https://tnmplot.com/analysis/
http://ualcan.path.uab.edu/index.html
http://ualcan.path.uab.edu/index.html

Appl. Sci. 2023,13, 166

40f19

using a linear regression equation i.e., Y = Mx + C. Here, Y = 50, M and C values were
derived from the viability graph for the A549 cell line.

2.3. Assessment of HRAS and KRAS Gene Expression after Exposure to Deltarasin, Kobe0065 or
FTS in A549 Cells

2.3.1. RNA Isolation Exposure of Cells to Tested of Selected Compounds from A549 Cells

The treated A549 cells were used to isolate total RNA. The RNA isolation procedure
was carried out using the Genomic Mini Kit (A&A Biotechnology, Gdansk, Poland) ac-
cording to the manufacturer’s instructions. The obtained RNA samples were checked for
purity and quality using the spectrophotometric method before being subjected to gene
expression analyses. Samples with a 260 nm to 280 nm absorbance ratio in the range 1.8-2.0
were used for further analyses.

2.3.2. Reverse Transcription Reaction

The relative levels of gene expression in treated lung cancer cells were determined by
reverse transcription using RNA obtained from these cells. The reaction was conducted with
the use of high capacity cDNA reverse transcription kit (Applied Biosystems™, Waltham,
MA, USA) according to the manufacturer’s procedure. The reaction mixture consisted of
2.0 uL 10x RT Buffer, 0.8 uL 25x dNTP Mix 100 mM, 2.0 pL oligo (dT), 0.5 ug/pL, 1.0 uL,
MultiScribe™ Reverse Transcriptase 20 U/uL, 1.0 pL RNase Inhibitor 20 U/pL and 13.2 L
RNA samples. The same final RNA concentration of 0.05 ug/uL was obtained in each
reaction. The presence of the obtained cDNA was checked by performing a PCR reaction
with primers for the GAPDH housekeeping gene. The presence of PCR products was
assessed using electrophoresis.

2.3.3. Real Time PCR

The quantitative assessment of the relative expression levels of selected genes was
performed with real-time PCR using the Bio-Rad apparatus (CFX Connect Real-Time PCR
Detection System). The real-time amplification reaction was carried out according to the
procedure using the iTaq Universal SYBR Green Supermix Reagent Kit (BioRad, Hercules,
CA, USA). For each reaction, the composition of the reaction mixture was as follows:
5 uL of master mix, 0.25 pL of each primer (10 pM), 1 pL of cDNA template and 3.75 pL
nuclease-free water for a final reaction volume of 10 pL. The sequences of the primers used
for the reaction are described in Table 1. For each cDNA sample, the test and reference
gene amplification reactions were performed in parallel, in triplicate and in separate test
tubes. A no-template control (NTC) was included in each series of reactions. Real-time PCR
reactions were run under the following temperature conditions: initial denaturation step
at 96 °C for 3 min, 34 cycles with two steps, including denaturation at 94 °C for 50 s and
annealing with elongation at 58 °C for 50 s. After each real-time PCR reaction, the specificity
of the obtained amplification products was checked by performing melting curves analysis
ramping from 65 °C to 95 °C and rising by 0.5 °C every 5 s. The examples of standard,
amplification and melting curves are provided in Supplementary Figures S2 and S3. In
order to construct the standard curves for the tested genes, allowing for the calculation of
efficiency of qPCR, a five serial of 10-fold dilutions of the PCR product (obtained using the
same primers as the RT-qPCR reaction) was prepared. Mean Ct values were determined
for each amplification; due to the similar values of the qPCR reaction efficiency, these were
then applied to calculate the level of gene expression relative to the GAPDH gene using the
AACt method. The negative control samples, cells without added chemical compounds
after 24 and 48 h of incubation, for both genes HRAS and KRAS were treated as calibrator,
respectively, for samples after 24 h and 48 h incubation with different concentrations of
investigated chemical compounds [25].
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Table 1. Sequences of primers used in the study.
GeneBank Accesion
Gene Name Number Sequence Product Length (bp)
GAPDH NM_001289745 Reverse: 5'-ATGCCAGTGAGCTTCCCGTTCAGC-3’ 145
Forward: 5'-TGGTATCGTGGAAGGACTCATGAC-3’
HRAS NM_176795 Reverse: 5'-GCCTGGCCCCACCTGTG-3’ 276
Forward: 5-CACGGAAGGTCCTGAGGGG-3
KRAS NM_004985 Reverse: 5'-TCCTGTAGGAATCCTCTATTG-3’ 134

Forward: 5'-GCCTGCTGAAAATGACTG-3’

2.3.4. Statistical Analysis

Statistical analyses, using data from the TNMplot and UALCAN databases, were
provided by these platforms. In the TNMplot, the differences in gene expression between
different types of cancers and between normal and tumor samples were assessed using the
Mann-Whitney U test. In the UALCAN comparisons of gene expression levels (reported as
transcripts per million) between LUAD and LUSC samples and normal lung tissue, samples
and clinical parameters were carried out using Student’s t-test, assuming unequal variance.

Results with a p-value of <0.05 in all statistical tests were considered significant.

In the case of studies conducted on the A549 lung cancer cell line, due to the small
number of samples, no statistical analysis was performed.

3. Results
3.1. Pan-Cancer View of KRAS and HRAS Expression Levels

The differences of KRAS and HRAS expression in tumor and normal samples were
presented in Figure 1. The results indicated that KRAS and HRAS expression levels in
tumor tissues varied between human tumors. In most of the tumors, KRAS and HRAS
were overexpressed compared to normal tissue. However, in some cases (i.e., esophagus,
skin and lung adenocarcinoma), HRAS expression was significantly lower than in normal,
whereas KRAS was downregulated, for example, in skin and thyroid cancers.

3.2. Expression of KRAS and HRAS Genes in NSCLC

Statistical analysis in the TNMplot database revealed that KRAS was highly expressed
in lung adenocarcinoma in comparison with the normal samples from non-cancerous
patients (tumor n = 524, normal n = 486) and the difference was statistically significant
(p < 0.05), as presented in Figure 2a. The KRAS gene was also overexpressed in lung
squamous cell carcinoma on the basis of analysis 476 normal and 501 tumor samples
(p < 0.05) (Figure 2b).

As it was shown in Figure 2c, the HRAS gene expression level in LUAD samples
(n = 524) was lower than in normal tissue (n = 486), with a statistical significance of p < 0.05.
On the contrary, HRAS in LUSC was overexpressed compared to non-cancerous patients
(tumor n = 501, normal n = 476) and this difference was statistically significant (p < 0.05)
(Figure 2d). Detailed statistical values of the above-mentioned analyses are contained in
Supplementary Table S1.
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Figure 1. KRAS (a) and HRAS (b) pan-cancer expression (significant differences are marked with red).
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Figure 2. A comparison of KRAS and HRAS expression between normal and tumor tissues of NSCLC
patients in the TNMplot database (https://www.tnmplot.com/ (accessed on 15 June 2022)). KRAS
gene in LUAD and LUSC samples was significantly overexpressed in tumor compared to normal
(a,b). HRAS mRNA expression was lower in LUAD than in normal tissue (c), but higher in LUSC (d).
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3.3. Association between the KRAS Expression and LUAD Patient Clinical Features

The relationships between KRAS gene expression and the clinical characteristics
and demographic status LUAD patients were determined from the UALCAN database
(Figure 3). Firstly, expression of KRAS was found to be higher in tumor samples (n = 515)
than in normal tissue (n = 59) (p =7.88 X 10~13). KRAS expression level was also found to
be significantly higher in all cancer stages than in normal samples (p < 0.05). KRAS was
overexpressed in both men and women compared to non-cancerous samples (p < 0.05).
Moreover, significantly higher KRAS expression was noted among all age groups except
for 21-40 years in LUAD samples. Figure 3e shows KRAS expression for current smokers,
reformed smokers, and non-smoker.

Expression of KRAS in LUAD based on Sample types Expression of KRAS in LUAD based on individual cancer
stages
50
-1 507

40|
40|

304
30

204 20 -

Transcript per million
Transcript per million

104 H 10 i i
0 0
Normal Prima umor Normal Stagel Stage2 Stage3 Staged
(n=59) (n=515) (n=59) (n=277) (n=125) (n=85) (n=28)
TCGA samples TCGA samples
(@ (b)
Expression of KRAS in LUAD based on patient's gender Expression of KRAS in LUAD based on patient's age
60 60 -
501 —_ 50 . T
— i - i
5 i = 5 | .
= 40+ i i = 40 | | i
3 i i E | i i
g i i H i i i
2 304 | : = 304 e i H
8 H H 8 H H
K] —r— ] =T
2 g 2 |
§ 20 | § 20 | e
il " |m
i | i { =L
10 H H H 10 - ! 1 |
0 0
Normal Male Female Normal 21-40Yrs 41 - 60 Yrs 61 - 80 Yrs 81 - 100 Yrs
(n=59) (n=238) (n=276) (n=59) (n=90) (n=149) (n=32)
TCGA samples TCGA samples
(9 (d)
Expression of KRAS in LUAD based on patient's smoking Expression of KRAS in LUAD based on nodal metastasis
habits status
60 60 4
50 o 50 J—
—_ - T
€ —_ i H T i
2 H H H
g 40 H H £ 40 i B i
= - H i i T | i i
2 H i i i = i | i
30 i i H H g i i i
s i H H S 30 i | i
) —_ H g i i i
3 ] g _— !
£ 20 i ] a i i
g - & 20 | - —_—
1 1 | = : =
T B i : : a [ 3 ‘ | ==
= 5 = i i N i |
S 10+ s H i i
0 o - =
Normal Non smoker Smoker Reformed Reformed
(n=59) (n=75) (n=118) smoker (<15 smoker (>15 o
years) years) Normal NO N1 N2 N3
(n=135) (n=168) (n=59) (n=331) (n=96) (n=74) (n=2)
TCGA samples TCGA samples
(e) ®

Figure 3. KRAS expression profile in lung adenocarcinoma. Box-whisker plots show the expression
of KRAS in normal and tumor samples (a), tumor subgroups based on individual cancer stages (b),
patient sex (c), age (d), smoking status (e), nodal metastasis (f) (Data derived from the UALCAN
server (http://ualcan.path.uab.edu/ (accessed on 15 June 2022))).

KRAS expression was also strongly associated with smoking status, regardless of
the time that they had stopped smoking before the diagnosis or of whether they were
active smokers. Significant differences in expression levels were found between normal
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Expression of KRAS in LUSC based on Sample types

vs. non-smoker, normal vs. smoker, normal vs. reformed (according to their duration of
abstinence and time of diagnosis of cancer >15 and <15 years). Differences were also found
between non-smokers vs. the above-mentioned subgroups (p < 0.05). Regarding metastatic
potential, KRAS showed overexpression in NO to N2 of the nodal metastasis status group
in LUAD patients (p < 0.05). However, the association between the expression level of
KRAS and N3 lymph node metastatic groups was not statistically significant (p = 0.79). The
statistical analyses are presented in Supplementary Table S1.

3.4. Association between the KRAS Gene Expression and Clinical Features in LUSC Patients

The statistical significance of KRAS gene expression in LUSC patients with regard to
clinical characteristics and demographic status was evaluated on the basis of the UALCAN
database (Figure 4). KRAS gene expression was markedly increased in tumor tissues
(n =503) compared to normal tissues (n =52) (p <1 x 10~12). The same trends in KRAS
expression were obtained as in LUAD patients. It was found that KRAS was overexpressed
in all cancer stages, in patients older than 40 years, in smokers and in NO to N2 of the nodal
metastasis status group (p < 0.05). Moreover, KRAS was significantly higher in men than
women (p = 0.0012). These findings are shown in Figure 4 and Supplementary Table S1.
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Figure 4. KRAS expression profile in lung squamous cell carcinoma. Box-whisker plots showing the
expression of KRAS in normal and tumor samples (a), tumor subgroups based on individual cancer
stages (b), patient sex (c), age (d), smoking status (e), nodal metastasis (f). (Data derived from the
UALCAN server (http://ualcan.path.uab.edu/ (accessed on 15 June 2022))).

3.5. Association between HRAS Gene Expression and Clinical Features of LUAD Patients

Differences in HRAS expression between LUAD (n = 515) and non-tumor tissues
(n = 59) were compared using the UALCAN server. HRAS expression was found to be
slightly higher in tumors than in normal samples (p = 6.32 x 10~%). HRAS was significantly
overexpressed at stages 1-3 of LUAD but not at the most advanced stage compared to
non-cancerous patients (p < 0.05 and p = 0.2, respectively). The up-regulation of HRAS
mRNA in lung adenocarcinoma was associated with sex and smoking habits (p < 0.05).
Moreover, HRAS showed a significant increase in expression in LUAD tissues at age
41-80 years (p < 0.05); however, it was not found to be significant in groups aged <40 and
>81 years, although the level remained above that of normal lung tissue (p = 0.09 and 0.2,
respectively). Statistically significant differences were observed in NO to N2 lymph node
metastatic groups but not for the most advanced lymph node metastatic subgroup (Figure 5
and Supplementary Table S1).
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Figure 5. HRAS expression profile in lung adenocarcinoma. Box-whisker plots show the expression
of KRAS in normal and tumor samples (a), tumor subgroups based on individual cancer stages (b),
patient sex (c), age (d), smoking status (e), nodal metastasis (f) (Data derived from the UALCAN
server (http://ualcan.path.uab.edu/ (accessed on 15 June 2022))).

3.6. Association between the HRAS Gene Expression and LUSC Patients” Clinical Features

According to the UALCAN database, HRAS mRNA expression was upregulated in
LUSC. A series of clinical data was obtained and summarized in Figure 6 and Supplemen-
tary Table S1. HRAS mRNA expression was higher in squamous cell tumors (n = 503) than
in normal tissue (n = 52) (p < 1 x 10712). Overexpression of HRAS was associated with
cancer stage, seX, age over 41 years and smoking status (p < 0.05). Moreover, it was found
that HRAS levels were increased in LUSC patients in lymph node metastatic groups NO to
N2, but not N3.


http://ualcan.path.uab.edu/

Appl. Sci. 2023,13, 166

11 0f 19

Transcript per million

Transcript per million

Transcript per million

Expression of HRAS in LUSC based on Sample types

250
200 — P
150 —
N -
50 — H
I
0
Normal Primary tumor
(n=52) (n=503)
TCGA samples
(a)
Expression of HRAS in LUSC based on patient's gender
250 1
200 S
150 —
N -
]
pu— S — . |
0
Normal Male Female
(n=52) (n=366) (n=128)
TCGA samples

()

Expression of HRAS in LUSC based on patient's smoking

habits
250
200 —
H
i &% T
H ! i
150 ! i i
H
= : i !
H H H
i
100 i L
!
“1 = i 5 ‘
i ! i H
i - L D i
- —t
0
Normal Non smoker Smoker Reformed Reformed
(n=52) (n=18) (n=133) smoker (<15 smoker (>15
years) years)
(n=83) (n=247)
TCGA samples

(e)

Transcript per million

Transcript per million

Transcript per million

Expression of HRAS in LUSC based on individual cancer

stages
250
200 e
- o
| {
150 — E i
N .
50 i i -
H —r
-4
H
- . e
0
Normal Stagel Stage2 Stage3 Staged
(n=52) (n=243) (n=157) (n=85) (n=7)
TCGA samples
Expression of HRAS in LUSC based on patient's age
250 1
200 s
I e 2
{
!
150 :
100 |
- '
50 T . =
_ i
1 A
—_ = -l

Normal 21-40Yrs 41 - 60 Yrs 61 -80Yrs 81 - 100 Yrs
(n=52) (n=2) (n=103) (n=361) (n=20)
TCGA samples

(d)
Expression of HRAS in LUSC based on nodal metastasis
status

250 |
200 — —

150 —

N . .

Normal NO N1 N2 N3
(n=52) (n=320) (n=131) (n=40) (n=5)

TCGA samples

()

Figure 6. HRAS expression profile in lung squamous cell carcinoma. Box-whisker plots show the
expression of KRAS in normal and tumor samples (a), tumor subgroups based on individual cancer
stages (b), patient sex (c), age (d), smoking status (e), nodal metastasis (f) (Data derived from the
UALCAN server (http://ualcan.path.uab.edu/ (accessed on 15 June 2022))).

3.7. Assessment of the Growth Inhibitory Effects of FTS, Kobe0065 and Deltarasin in A549 NSCLC

Cell Line

The cell viability of A549 line was assessed by MTT assay. A549 cells were treated with
deltarasin, FTS and Kobe0065 at different concentrations and observed for 24 and 48 h. As
shown in Table 2, as the concentrations of farnesythiosalicylic acid increased, cell viability
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Concentration [pM]
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after 48 h was significantly decreased in A549 cells compared with the untreated cells,
with an ICsg value 138.3 uM The 1.25-5 uM concentrations of deltarasin did not inhibit the
growth of A549 cancer cells and the calculated IC5p was 25.7 uM. Kobe0065 did not inhibit
the proliferation of NSCLC cancer cells in vitro at any concentration.

Table 2. The effects of FTS, Kobe0065 and deltarasin on A549 lung cancer cell viability incubated
with the indicated concentrations of compounds for 24 and 48 h, assessed by MTT assay.

Compound Concentration [uM]  Cell Viability 24 h [%]  Cell Viability 48 h [%]
Deltarasin 1.25 88.56 100
2.5 98.98 100
5 96.87 92.7
Kobe0065 2 84.67 100
10 90.53 100
20 95.1 100
FTS 50 93.29 100
100 95.8 77
200 98.12 11.8

3.8. KRAS and HRAS mRNA Expression in A549 NSCLC Cell Line

In all of the experiments, the negative control (cells without added chemical com-
pounds after 24 and 48 h of incubation) for both genes HRAS and KRAS were treated as
calibrator; so, their mRNA expression levels were 1.

In all experimental concentrations, deltarasin slightly increased KRAS expression after
48 h compared to cells incubated for 24 h (Figure 7a). Deltarasin 2.5 uM treatment reduced
HRAS mRNA expression levels in NSCLC cell line A549 after 48 h incubation in comparison
with 24 h. In all samples, KRAS mRNA expression levels were higher than HRAS with the
exception of 24 h and 48 h incubation with 2.5 uM deltarasin.
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Figure 7. Cont.
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Figure 7. The relative mRNA expression levels of HRAS and KRAS genes in A549 cell line after
incubation with different concentrations of deltarasin (a), Kobe0065 (b) and FTS (c) (*—calibrator for

samples after 24-h of incubation; **—calibrator for samples after 48 h of incubation).

In the case of Kobe0065, 2 and 20 uM treatment resulted in lower KRAS and HRAS
expression after 48 h than after 24 h. However, 10 uM stimulation caused an increase in
expression for both studied genes (Figure 7b). The HRAS mRNA expression levels were
higher than KRAS with the exception of KRAS mRNA expression after 24 h incubation
with 10 uM and after 48 h incubation with 20 pM Kobe0065.

FTS treatment, at all concentrations, resulted in higher KRAS mRNA expression after
48 h than 24 h (Figure 7c). Stimulation with 50 uM FTS caused stronger HRAS mRNA
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expression after 48h incubation. For 200 uM treatment, HRAS expression was higher after
48-h incubation than after 24 h.

4. Discussion

This study assessed the prognostic values of KRAS and HRAS gene expression in
NSCLC, compared to values in a public database, and evaluated the impact of different
concentrations of deltarasin, FTS and Kobe(065 (RAS-dependent signaling inhibitors) on the
viability of the NSCLC A549 cell line, as well as its KRAS and HRAS genes expression levels.
Initially, bioinformatic analysis was used to determine the differential expression patterns
of KRAS and HRAS genes in all types of human cancers and normal tissues. Our findings
provide the first indication of changes in the expression of KRAS and HRAS mRNA in
NSCLC cells following stimulation by different RAS inhibitors.

Reanalysis with the use of TNMplot’s publicly available data found that KRAS and
HRAS genes are widely overexpressed in different types of human cancers. Thus far, four
main independent routes downstream of KRAS have been described, viz. the PI3K/AKT,
RAF/MEK/ERK/MAPK, RALGEF/TBK1 and RAF1-MAPK pathways; these influence
tumorigenesis through the stimulation of cell proliferation, differentiation, survival and
cell-cycle regulation. These pathways might be excessively activated in accordance with
mutations in KRAS and other RAS family members (i.e., HRAS, NRAS) as well as different
expression of KRAS isoforms. Although many studies have examined the role of RAS family
genes in oncogenesis, there is still a need to recognize factors leading to the activation of
KRAS-dependent pathways, particularly with regard to therapeutic applications based on
direct or indirect inhibition of KRAS [26].

A comparison of KRAS and HRAS gene expression in normal and tumor tissues of
NSCLC patients in the TNMplot database showed that the KRAS gene was significantly
overexpressed in LUAD and LUSC samples. HRAS mRNA expression was significantly
higher in LUSC than in normal tissue, but was downregulated in the LUAD samples. All of
the tested p-values were <0.05. Moreover, analyses performed on the basis of the UALCAN
database confirmed the above-mentioned results except for HRAS mRNA expression in
LUAD, where it was slightly higher than in normal non-cancerous tissues. The observed
disparity between HRAS mRNA expression in LUAD samples and in normal tissue could
be due to the inequality in the amount of normal samples obtained from non-cancerous
persons (n = 486 vs. n = 59, respectively). Both KRAS and HRAS are highly expressed
in NSCLC tissues compared to the normal lung tissues at the mRNA level, which could
suggest their possible function in NSCLC development and progression. There is some
evidence that KRAS mutations are involved in the forming of a tumor microenvironment
(TME). Overstimulation of KRAS-dependent signaling might lead to increased secretion
of interleukin-6 (IL-6), thus inducing inflammation and the initiation and progression of
tumors [27].

In the next step, the relative expression levels of KRAS and HRAS genes in both
tumor and normal samples in various NSCLC subgroups were related to clinicopathologic
features. Our findings indicate some correlation between KRAS and HRAS expression and
cancer stage, smoking habits, age, and sex, as well as the nodal metastasis status of lung
cancer patients. KRAS and HRAS overexpression was strongly associated with smoking
status, which corroborates data from the literature that smoking is the major cause of lung
cancer [28]. Aran et al. showed that expression of K-RAS4B protein in adenocarcinoma
subtype of NSCLC was associated with age; however, they did not report any associations
between the mRNA expression of KRAS isoforms and clinicopathological parameters [29].

Significant associations have been found between higher HRAS mRNA expression
in blood and smoking status. Interestingly, HRAS overexpression was noticed in tumor
tissues in LUAD, but in blood in LUSC. In addition, relative KRAS expression level in
tissue was only significantly higher in patients older than 67 years [30]. The discrepancies
between our findings regarding HRAS mRNA expression depending on NSCLC subtype
and calculations based on TNMplot data could be explained by differences in group size.
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Liang et al. report that the KRAS gene was overexpressed in NSCLC compared
to normal tissues, while overexpression of KRAS protein correlated with tumor stage,
smoking status and lymph node metastasis of NSCLC [31]. In the present study, KRAS and
HRAS expression levels were significantly associated with sex. Moreover, higher KRAS
expression was noted among men for lung squamous cell carcinoma. The sex-specific
clinicopathological features of NSCLC have been described previously [29]. This might
suggest that lung cancer in men and women are dissimilar units, probably on the grounds
of differences in hormonal factors and genetic alterations.

Promising associations have been found between KRAS and HRAS gene expression
in NSCLC and various clinical factors. Many studies have examined the possibility of
targeting RAS family genes as a goal for therapy. The main aim of the treatment is inhibition
of cell proliferation and tumor growth. Many strategies directly aimed at KRAS mutations
and indirectly targeting KRAS have been developed, for instance, targeting other KRAS
mutations, reducing the expression of KRAS, interrupting membrane localization of KRAS
protein or inhibiting KRAS-mediated signal transmission. So far, only two small molecule
specific inhibitors for KRAS (G12C)—sotorasib and adagrasib—have been approved by
the FDA. Sotorasib binds to Cys12 in the inducible S-IIP and thus inactivates the KRAS-
mutated protein. Adagrasib is the RAS GTPase family inhibitor indicated for the treatment
of adult patients with KRAS G12C-mutated locally advanced or metastatic NSCLC who
previously received at least one prior systemic therapy. Other specific inhibitors for KRAS
(G12C) are currently still in the research clinical phase. An interesting approach seems to
be reducing KRAS mRNA expression. For example, Kamerkar et al. found that iExosomes
(with siRNA or shRNA targeting KRAS G12D) suppressed KRAS G12D mRNA levels and
phosphorylated-ERK protein levels in a pancreatic cell line [32-34].

The current study examined the effects of three compounds with different effects on
the RAS signaling pathway, viz. FTS, deltarasin and Kobe0065, on cell viability, KRAS and
HRAS mRNA expression in the A549 NSCLC cell line. There have been only a few reports
on the anti-cancer activity of FTS, deltarasin and Kobe0065 on NSCLC cells [15,35-37]. In
the present study, only 2.5 uM dose of deltarasin decreased the expression of HRAS. FTS is
a strong RAS inhibitor that acts on the active, GTP-bound forms of RAS family proteins.
Through competition with the active RAS form, FTS inhibits cell growth dependent on
RAS and transforming activities [35]. In the current study, incubation with FTS resulted
in decreased cell viability in a dose-dependent manner with IC50 138.3 uM. Zundelevich
et al. found FTS to significantly inhibit A549 cells proliferation with a decrease of 50% at
40 pmol/L FTS [35]. Blum et al. obtained IC50 40 pmol/L for growth inhibition of A549
cell line 72 h after treatment with FTS. In another study, human colon adenoma-carcinoma
cell lines SW480 were treated with FTS that contributed to a decrease in cell viability as
well as a reduction in KRAS protein expression [16,38].

Our results are similar to Charette et al., while they observed a 50% reduction in cell
growth in human hepatoma cell lines at a dose of 150 uM [39]. Moreover, they found FTS to
have an inhibitory effect on whether tumor cell lines harbor mutated RAS genes or not [35].
Likewise, Biran et al. showed that treatment with FTS alone, as well as in combination
with valproic acid, reduced proliferation in non-small cell lung, thyroid and colon cancer
cell lines by downregulating RAS [40]. In another study, FIS had a tumor suppressive
effect in vitro in bladder cancer cells, but high concentrations of this compound were
required [19]. FTS was also administered orally to 30 patients with KRAS mutant NSCLC
in phase II clinical trial; unfortunately, no significant antitumor effect was observed [41].
This lack of FTS effectiveness in vivo might be caused by alternative resistance mechanisms
(i.e., KRAS gene amplification) or off-target effects and requires further research [42].

KRAS signaling can also be suppressed by interrupting the interaction between KRAS
and PDES. One of the molecules binding the prenyl-binding pocket of PDES is deltarasin,
which downregulates the RAS protein [33]. In our study, deltarasin downregulated HRAS
mRNA levels in the A549 cell line after 48 h of incubation and showed growth inhibitory
effects on A549 cancer cells with IC50 2.5 uM after 24 h of incubation. Leung et al. indicated
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that deltarasin inhibits lung cancer cell lines” A549 and H358 growth by inducing both
apoptosis and autophagy. They showed deltarasin significantly reduced cell viability in
Ab549 in a dose-dependent manner, with IC50 values of 5.29 £ 0.07 [15]. Similar results
were obtained by Arendt et al., with IC50 6.90 £ 0.96 for A549 cells treated with deltarasin
after 72 h incubation [20]. Moreover, incubation of A549 cells with deltarasin significantly
reduced the amount of GTP-RAS observed compared to the control cells [15], which could
explain the decrease in HRAS expression level in NSCLC observed in our experiment. In
another study, Chen et al. confirmed that PDES disruption effectively disrupted KRAS
protein plasma membrane localization [14]. These findings suggest that deltarasin plays
a role in suppressing the RAS downstream signaling pathways in lung cancer cells and
seems to be an interesting therapeutic agent.

RAS proteins were previously thought to be “undruggable” due to the absence of
apparent drug-accepting pockets in their structures. However, Shima et al. found Kobe0065,
a compound that inhibits the binding of HRAS GTP to c-RAF-1, to inhibit HRAS and RAF
interactions, and thus inhibit the growth and induce apoptosis of HRASG12V-transformed
NIH 3T3 cells [21]. Following on, Zhang et al. designed 21 analogues (TKR01-TKR21) with
a structure of urea or thiourea on the basis of Kobe0065 and assessed their cytotoxic effects
on A549 cell line with the aim of blocking KRAS-effector protein interactions. Among
these inhibitors, 1,3-bis(4-(Trifluoromethyl)phenyl)thiourea, named TKR15, significantly
inhibited A549 cell growth, inducing 30% to 80% apoptosis in comparison with controls [37].
Unfortunately, no similar results were achieved in the present study. No significant decrease
in viability was observed for cells treated with different concentrations of Kobe0065, and no
significant changes in KRAS expression level were found after incubation with the selected
RAS-dependent signaling inhibitors in vitro. This could be explained by the fact that the
A549 cell line is a human lung adenocarcinoma cell line with KRAS G12S mutation [14] and,
hence, may demonstrate initially impaired KRAS expression. There is also some evidence
that in vitro drug screens might not be enough for RAS inhibitor examination because
full RAS inhibitor effectiveness require complete inflammatory tumor-to-host interactions
and might be observed only in vivo [20]. Moreover, single agent therapy could not be
effective for all RAS-dependent cancers; therefore, future studies should investigate the use
of combinations of several inhibitors or modified existing compounds [36]. Our findings
regarding the KRAS and HRAS genes in lung cancer are preliminary and require further
research to better understand their expression and clinical significance. The authors are
aware of the limitations of results presented in KRAS and HRAS mRNA expression in
A549 NSCLC cell line; however, these results may contribute to further research on RAS
inhibitors in non-small cell lung cancer and be a prelude to future research plans.

5. Conclusions

In conclusion, based on TNMplot and UALCAN datasets, we found that KRAS and
HRAS genes were highly expressed (upregulated) at the mRNA level in lung cancer tissue.
Overexpression of the studied genes in NSCLC was associated with cancer stage, smoking
habits, age, sex and nodal metastasis status. FTS, as a compound competing with active
RAS form, inhibited the proliferation of human NSCLC cells A549 by inhibiting cell growth
dependent on the RAS signaling pathway. Admittedly; its efficacy has not been confirmed
in clinical trials, but it is still worth further investigation. Moreover, deltarasin, which
downregulates RAS protein activity, reduced HRAS expression level in A549. These
preliminary in vitro findings need further studies on larger groups and other cell lines to
better understand the molecular mechanisms of FTS and deltarasin on tumor cell activity.
It may be possible that deltarasin or FTS might exert an antiproliferative effect applied
in combination with other inhibitors in vitro and in vivo on lung cancer cell lines. Our
findings also indicate that the RAS signaling pathway might be an attractive subject for
further evaluation as a possible diagnostic or therapeutic goal in NSCLC on both the DNA
and mRNA levels. To sum up, the results obtained from analyses based on bioinformatics
databases indicate that the studied genes are potential risk factors for the development of
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lung cancer. On the other hand, studies of their expression on cell lines indicate that they
may also be potentially important in the response to treatment using RAS inhibitors.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/app13010166/s1, Table S1. Statistical significance of KRAS and HRAS
expression levels in patients with NSCLC for all figures from UALCAN and TNMplot databases;
Figure S1. The chemical structures of the of the three RAS inhibitors: deltarasin (A), farnesylthiosal-
icylic acid (B), Kobe0065 (C); Figure S2. An examples of the amplification curve plots for GAPDH
(A), HRAS (B) and KRAS (C) genes including NTC and the melting curves of the real-time PCR
amplification products of the GAPDH (D), HRAS (E) and KRAS (F) genes expressed as—ARFU/AT
vs. temperature; Figure S3. The examples of standard curve plots for GAPDH, KRAS and HRAS.
(x-axis: log10 concentration of PCR product; y-axis—Ct values).
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