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Abstract: NRAS belongs to the RAS family of GTPases. In colorectal cancer (CRC), NRAS mutations
are rare compared to KRAS, but may lead to worse outcomes. We report the functional character-
ization of the novel NRAS mutants—G48C, Q43K, and E37K—identified in Filipino young-onset
CRC patients. Unlike previously characterized NRAS mutants with no apparent effects on cell
proliferation, these mutants enhanced proliferation of both HCT116 and NIH3T3 cells. This was
confirmed in 3D spheroid assays to mimic the spatial organization of cells. G48C and E37K showed
apoptosis resistance in both cell lines, and Q43K showed resistance in HCT116 cells. All three showed
no effect on cellular migration in NIH3T3, but G48C enhanced the migration rate of HCT116 cells.
Actin staining of NIH3T3 cells expressing the mutants showed a shrunken cytoplasm and transient
structures associated with motility and invasiveness. Docking simulations show that GDP is only
able to bind fully within the binding pocket of wild-type NRAS, but not in the mutants. Further,
G48C, Q43K, and E37K all have less negative AG values, indicating a weaker GDP-binding affin-
ity compared to wild-type NRAS. Taken together, the results suggest that oncogenic readouts of
NRAS mutants are codon- and mutation-specific, with potential repercussions on the aggressiveness,
resistance, and therapeutic response.

Keywords: NRAS; young-onset colorectal cancer (YO-CRC); Ras isoform; epidermal growth factor
receptor

1. Introduction

Cancer is a multifactorial disease characterized by various hallmarks that include,
among others, uncontrolled cell proliferation, increased migratory capacity, and resistance

to apoptosis. In the Philippines, colorectal cancer (CRC) stands as the fourth leading cause
of cancer-related mortality. This figure continues to rise due to delayed detection, lack
of a formal CRC screening program in the country, and the relative lack of attention it
receives compared to breast and lung cancer [1]. On a global scale, it ranks third as the most
common among the various cancer types, with an estimated 3.2 million cases projected by
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processes such as proliferation, survival, migration, differentiation, and the regulation of
gene expression. The signaling cascade commences with the binding of epithelial growth
factor (EGF) to EGFR, which sets in motion a sequential activation of downstream effectors,
including RAS, RAF, MEK, and ERK. Among these, the RAS proteins stand out as pivotal
regulators of cell growth. RAS belongs to a superfamily of small GTPases involved in
cell signaling pathways [3]. It acts as a molecular switch that cycles between an active,
GTP (guanosine triphosphate)-bound state, and an inactive, GDP (guanosine diphosphate)-
bound state. It serves as a key mediator in transmitting signals from cell surface receptors
to the cell’s interior, thereby influencing fundamental aspects of cell behavior and function.
The three well-characterized Ras isoforms—H-RAS, K-RAS, and N-RAS—are frequently
mutated and serve as crucial biomarkers in various cancer types [2,4,5]. Mutations in KRAS,
NRAS, and BRAF, along with the amplification of ERBB2 and MET, contribute to initial (de
novo) resistance to anti-EGFR therapy, and have also been found in patients who initially
responded to the EGFR blockade but later had a relapse [6].

The non-redundant and overlapping functions of the three canonical RAS isoforms
remain incompletely understood. These RAS isoforms are also preferentially mutated in
specific tumor types [7]. KRAS mutations are more common in pancreatic adenocarcino-
mas [8], colorectal cancer [9], and non-small-cell lung cancer [10]. NRAS mutations are
more common in hematological malignancies [11] and melanoma [12]. Mutant HRAS, on
the other hand, is most common in dermatological and head and neck cancers [13]. Further,
although analogous mutations are found in the same codon position among the isoforms,
their frequency varies depending on the cancer type [14]. For instance, while codon 12
and codon 61 mutants are found in both KRAS and NRAS, codon 12 is more frequently
mutated in KRAS, while codon 61 mutations are more frequent in NRAS [15].

NRAS is the less-studied isoform of RAS [16]. NRAS mutations occur in 3-5% of CRCs,
some of which have been shown to affect prognosis in metastatic colorectal cancer (mCRC),
and may predict a lack of response to anti-EGFR therapy [17,18]. For the latter reason, the
European Medicines Agency does not recommend the use of anti-EGFR therapy in CRC
patients harboring NRAS mutations [17]. Further, mutations in NRAS are linked to poorer
survival and outcomes compared to both KRAS-mutant and wild-type mCRC [19].

In this study, we describe the effects of three novel NRAS mutations—c.142G>T
(G48C), c.127C>A (Q43K), and ¢.109G>A (E37K)—on cellular phenotypes, identified in a
prospective, targeted, next-generation sequencing study of tumor samples from Filipino
young-onset, colorectal cancer (YO-CRC) patients [20]. Although mutations in codons 43
and 48 of NRAS have been entered in the COSMIC database (https://cancer.sanger.ac.
uk), Q43K and G48C, specifically, have not been reported before. There are no reported
mutations for codon 37 in the COSMIC database.

2. Materials and Methods
2.1. Generation of NRAS Mutant Constructs

The NRAS G48C, Q43K, and E37K mutant constructs were generated using a wild-type
NRAS construct as the template. G48C was generated via splicing by overlap extension
(SOE) PCR (polymerase chain reaction) site-directed mutagenesis. First-round PCR was
conducted using an external forward primer paired with an internal mutagenic reverse
primer, and an internal mutagenic forward primer paired with an external reverse primer
to generate the overlapping mutated left and right halves of NRAS, respectively. Aliquots
of the two overlapping halves were combined, and they served as a template to generate
the full-length construct using the external forward and external reverse primers. The full-
length mutant amplicon was TA-cloned into the pTargeT™ mammalian expression vector
(Promega Corporation, Madison, WI, USA). The Q43K and E37K constructs were generated
using an inverse PCR site-directed mutagenesis approach, with overlapping mutagenic
primers oriented in opposite directions, followed by circularization of the amplicon via the
region of overlap. The primer sequences used are listed in Table 1.
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Table 1. NRAS Primer Sequences.

Title 1

Sequence (5’-3') *

G48C-ext-fwd
G48C-mut-rev
G48C-mut-fwd
G48C-ext-rev
Q43K-InvPCR-fwd
Q43K-InvPCR-rev
E37K-InvPCR-fwd
E37K-InvPCR-rev

TATCGCTCGAGATGACTGAGTACAAACTGGTGGTGGTTGGAG
TGTCCAACAAACAGGTTTCACAATCTATAACCACTTG
ACAAGTGGTTATAGATTGTGAAACCTGTTTGTTGGAC
TCTAGGTCGACACACATGGCAATCCCATACAACCTTACATCACC
GGATTCTTACAGAAAAAAAGTGGTTATAGATGGTGAAACCTG
CCATCTATAACCACTTTTTTTCTGTAAGAATCCTCTATGGTG
GATCCCACCATAAAGGATTCTTACAGAAAACAAGTGGT
GTITTTCTGTAAGAATCCTTTATGGTGGGATCATATTCATCTACA

(*) Nucleotide in bold font denotes the mutated nucleotide.

The PCR cocktail contained 1x PCR buffer (from 5x SuperFi buffer; Invitrogen,
Thermo Fisher Scientific, Waltham, MA, USA), 10 mM dNTP of each deoxynucleoside
triphosphate (Promega), 10 uM each of the appropriate forward and reverse primers,
1x Platinum SuperFi DNA polymerase (Invitrogen), and 10 ng of template. PCR cycling
was conducted using the C1000 Touch Thermal Cycler (BioRad Laboratories, Inc., Hercules,
CA, USA). For SOE-PCR site-directed mutagenesis, the PCR reaction mix was initially
denatured at 95 °C for 5 min, followed by 30 cycles of denaturation at 95 °C, annealing
at 55 °C, extension at 72 °C—all aforementioned steps at 30 s each—and a final extension
at 72 °C for 5 min. For inverse PCR site-directed mutagenesis, the PCR reaction mix was
initially denatured at 98 °C for 30 s. This was followed by 30 cycles of denaturation at 98 °C
for 10 s, annealing at 65 °C for 10 s, extension at 72 °C for 3 min, and a final extension at
72 °C for 5 min.

The wild-type NRAS and the canonical NRAS Q61K mutant constructs were previously
cloned, and are available in the laboratory [21]. All NRAS constructs were sequence-verified.
Expression of the wild-type and mutant NRAS proteins was confirmed via Western blot
analysis (Supplementary Figure S1), following the protocol described below. The NRAS
antibody used (rabbit «-NRAS polyclonal antibody, Cat. No. PA5-34560; Invitrogen) easily
detects the NRAS protein from overexpression constructs. Its ability to detect endogenous
levels of NRAS may vary depending on multiple factors, but it can be sensitive under
optimal conditions [22].

2.2. Cell Culture Maintenance and Transfection

Two cell lines were used in this study, as follows: the NIH3T3 murine embryonic
fibroblast cell line (Cat. No. CCL-247) and the HCT116 human colorectal carcinoma cell
line (Cat. No. CCL-247), which were both obtained from the American Type Culture
Collection (Manassas, VA, USA). NIH3T3 has a wild-type background, and is a preferred
and well-documented heterologous host for studying RAS mutations because of its ability
to manifest oncogenic phenotypes upon sole expression of a transforming Ras variant,
without requiring cooperative mutations [23-27]. HCT116 provides the colorectal and
epithelial background, but, similar to other commonly used colorectal cancer cell lines
with mutations in either KRAS or PIK3CA, or both, it may mask the phenotypic effects of
introduced mutations [28,29].

NIH3TS3 cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM; Gibco,
Grand Island, NE, USA), enriched with 10% newborn calf serum (NBCS; Gibco), 100 U/mL
penicillin/streptomycin, and 3.7 g/L sodium bicarbonate. HCT116 cells were grown in
Roswell Park Memorial Institute (RPMI) 1640 medium (Gibco, Thermo Fisher Scientific,
Inc., Waltham, MA, USA), enriched with 10% fetal bovine serum (FBS; Gibco, Waltham,
MA, USA), 50 U/mL penicillin/streptomycin, and 2.0 g/L sodium bicarbonate. Both cell
lines were maintained in a humidified incubator at 37 °C, with 5% CO,.

To achieve 80-90% transfection, HCT116 cells were seeded into 12-well plates at
150,000 cells/well, while NIH3T3 cells were seeded in a separate set of 12-well plates at
100,000 cells/well. Both cell lines were transfected with 300 ng of pTargeT™ constructs
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using Lipofectamine®2000 (Invitrogen), following the manufacturer’s protocol. Parallel
transfection with pmR-ZsGreenl (Clontech Laboratories, Inc., Mountain View, CA, USA),
a reporter vector that expresses the green fluorescent protein ZsGreenl, was included to
assess transfection efficiency using a fluorescence microscope (ZOE™ Fluorescent Cell
Imager, Bio-Rad Laboratories, Hercules, CA, USA) for 24 h post-transfection for all cell-
based functional and molecular characterization assays.

2.3. Western Blot Analysis

HCT116 and NIH3T3 cells were harvested and lysed for protein extraction 48 h post-
transfection. Radioimmunoprecipitation lysis buffer (150 mM NaCl, 1.0% IGEPAL® CA-630,
0.5% sodium deoxycholate, 0.1% SDS, 50 mM Tris, pH 8.0) (Sigma-Aldrich Corp.; Merck
KGaA, St. Louis, MO, USA) that has been supplemented with a protease inhibitor cocktail
(104 mM AEBSF, 80 uM aprotinin, 4 mM Bestatin, 1.4 mM E-64, 2 mM leupeptin, and
1.5 mM pepstatin A; Sigma-Aldrich Corp., St. Louis, MO, USA) was used. The lysates
were cleared by centrifugation at 10,000 x g for 20 min, at 4 °C. Total protein concentrations
were quantified using the bicinchoninic acid assay (BCA) method. Subsequently, each
sample was loaded onto a Mini-PROTEAN® TGX Stain-Free™ polyacrylamide gel (Bio-
Rad, Hercules, CA, USA), and electrophoresed at a constant of 140 V for 3040 min. The gels
were then transferred onto a Trans-Blot® Turbo™ Mini polyvinylidene difluoride (PVDF)
membrane using the Trans-Blot® Turbo™ Blotting System (Bio-Rad Laboratories, Hercules,
CA, USA), with a pre-set protocol known as Mixed MW (1.3 A, 25V, 7 min). The membranes
were blocked using 5% w/v bovine serum albumin, heat shock fraction (Sigma-Aldrich Corp,
St. Louis, MO, USA), for 1 h at room temperature in 1 x Tris-buffered saline (TBST; 20 mM
Tris, 150 mM NaCl, 0.1% Tween 20). Afterwards, the blots were probed with the primary
antibodies overnight at 4 °C, except for GAPDH, which required only an hour of incubation.
The following antibodies were used: NRAS (rabbit a-NRAS polyclonal antibody, Cat. No.
PA5-34560; Invitrogen) and GAPDH (mouse «-GAPDH, Cat. No. CB1001; Calbiochem, San
Diego, CA, USA). After incubation, the membranes were subjected to three washes with
1x TBST. Subsequently, they were incubated with a freshly prepared secondary antibody
solution (diluted at 1:10,000 for both the antibody and Precision Protein™ StrepTactin-HRP
conjugate from Bio-Rad) in the blocking solution for 1 h at room temperature. Band signals
were visualized using an enhanced chemiluminescence substrate Luminata™ Classico
Western HRP Substrate (Cat No. WBLUCO0500; Merck Millipore, Burlington, MA, USA),
and captured using the ChemiDoc Touch Imaging System (Bio-Rad Laboratories, Inc.,
Hercules, CA, USA).

2.4. Cell Proliferation Assay

At 24 h post-transfection, HCT116 and NIH3T3 cells were reseeded at a density of
3000 and 2500 cells per well, respectively, into separate 96-well plates, in triplicate. HCT116
cells were maintained in RPMI medium at a reduced serum concentration (4% FBS), while
NIH3T3 cells were maintained in DMEM at a reduced serum concentration (4% NBCS).
At 0, 48, and 72 h post-transfection, the number of metabolically active cells in each setup
was determined by adding 10 uL of CellTiter 96® Aqueous One-Cell Proliferation Assay
Reagent (Cat. No. G358C; Promega, Madison, WI, USA) to each well. The plates were
then incubated at 37 °C with 5% CO, for 2 h. Absorbance values for each setup were
subsequently measured at 460 nm using the ClarioStar multimode plate reader (BMG
Labtech, Offenburg, Germany).

2.5. 3D Spheroid Assay

At 24 h post-transfection, HCT116 cells were reseeded from a 12-well plate into a black
96-well, round-bottom, ultra-low attachment spheroid plate (Cat. No.4520; Corning, Merck
KGaA, Darmstadt, Germany), at a density of 3000 cells per well in triplicate. Once the
spheroids had formed after 72 h, 50% of the media was removed, and 50 pL of CellTiter-
Glo 3D Cell Viability Reagent (Cat No. G9681, Promega, Madison, WI, USA) was added.
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The plate was shaken vigorously using a plate reader shaker for 5 min, then incubated
for 25 min at room temperature. Luminescence was read at 490 nm. In a parallel setup,
high-content imaging using an IN Cell Analyzer 6000 (GE Healthcare, Marlborough, MA,
USA) was employed to capture spheroid images. Once the spheroids had formed after 72 h,
50% of the media was removed, and 50 uL of fresh RPMI media containing 0.5 M calcein
AM (Cat. No. C3100MP; Thermo Fisher Scientific, Waltham, MA, USA) and 10 uM of DAPI
per well was added. The plate was then incubated for 1 h at 37 °C in a 5% CO; incubator.

2.6. Caspase 3/7 Assay

At 24 h post-transfection, transfected HCT116 cells were reseeded at a density of
10,000 cells per well, while transfected NIH3T3 cells were reseeded at 8000 cells per well,
then allowed to attach overnight. This procedure was carried out in triplicate using separate
96-well plates (Cat. No. 3599; Corning, Corning, NY, USA) for each cell line. When the cells
had attached after 24 h, the respective media were changed. HCT116 cells were cultured in
RPMI medium with a reduced serum concentration (2.5% FBS), supplemented with 10 mM
sodium butyrate, while NIH3T3 cells were maintained in DMEM medium with a reduced
serum concentration (0.1% NBCS). Additionally, a parallel setup was performed, designated
as the “uninduced setup” because it lacked the apoptotic inducer sodium butyrate in the
media. The plate was covered with aluminum foil and incubated at 37 °C with 5% CO,
for 16 h. After incubation, 20 uL of the Caspase-Glo® 3/7 Reagent (Promega) was added
to each well, and the plate was gently agitated for 2.5 h in the dark. Subsequently, the
supernatant was transferred to a 96-well flat-bottom white plate (Cat. No. 3917; Corning),
and read using a luminescence reader (Clariostar; BMG Labtech, Offenburg, Germany) at
530 nm. To measure apoptosis, the luminescence readings obtained from the induced setup
were normalized against those from the uninduced setup, allowing for comparisons across
the different setups.

2.7. Wound Healing Assay

At 24 h post-transfection, HCT116 cells were reseeded at a density of 35,000 cells per
well, while transfected NIH3T3 cells were reseeded at 18,000 cells per well. Cells were then
allowed to attach overnight. Once the cells were 80-90% confluent, a thin, artificial scratch
was created in the cell monolayer using a sterile white micropipette tip. Subsequently, the
medium was replaced with a low-serum medium, which consisted of RPMI with 2.5%
FBS for HCT116 cells, or DMEM with 2.5% NBCS for NIH3T3 cells. Both cell lines were
incubated at 37 °C with 5% CO,, and wound closure was monitored by capturing images
of the same field of view both immediately after scratching and 16 h post-scratch, using the
IN Cell Analyzer 6000 (GE Healthcare) high-content imaging system. The percentage of
the open wound area was analyzed using the TScratch software for automated analysis
of monolayer wound healing assays [30]. For each setup, a linear graph illustrating the
percentage of the open wound area over time was generated, and the slope of each line
equation was calculated to determine the rate of wound closure. All experiments were
conducted three times, each in triplicate.

2.8. Actin Cytoskeletal Staining

The impact of the novel NRAS mutants—G48C, Q43K, and E37K—on cytoskeletal
organization was assessed via actin staining with Alexa Fluor™ 488-conjugated phalloidin
(Invitrogen). Transfected NIH3T3 cells were seeded at 2500 cells/well in a 96-well black
plate. After 24 h, cells were fixed with ice-cold 4% paraformaldehyde for 20 min, with
shaking at 40 rpm on ice. Following a rinse with 1x PBS, the cells underwent a 20 min
blocking step at room temperature, using 1% BSA in PBS. Subsequently, they were incu-
bated with 100 pL of 0.165 uM phalloidin for 1 h at room temperature while gently shaking.
The cells were subjected to another round of washing with 1x PBS before counterstaining
the nuclei with Hoechst 33,258 (1 nug/uL) for a 5 min incubation at room temperature.
Following the last wash with 1x PBS, the cells were mounted using SlowFade™ Diamond
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antifade mountant (Invitrogen). Cells were visualized using the IN Cell Analyzer 6000 (GE
Healthcare) high-content imaging system, from multiple randomized perspectives.

2.9. Protein Modeling and in Silico Prediction of the Functional Impact of the Novel NRAS
Mutations

To evaluate the effects of the identified single amino acid mutations on protein struc-
ture, models for NRAS G48C, Q43K, and E37K were generated using SWISS-MODEL [31]
(accessed through https:/ /swissmodel.expasy.org (accessed on 12 July 2024)). Root mean
square deviation was calculated by superimposing the generated models with the wild-
type structure (PDB ID: 5UHV), using PYMOL v4.6 (https://www.pymol.org; (accessed
on 12 July 2024)). Predictions of the potential functional impact of the NRAS missense
mutations were assessed using the following: Polymorphism Phenotyping (PolyPhen-2
version 2) [32], PROVEAN software (Protein Variation Effect Analyzer v1.1) [33], Align
GVGD [34,35], MutPred 2.0 [36], and FATHMM v2.3 [37]. For GDP docking simulations,
the AutoDock Vina 1.5.7 package was used [38]. Briefly, pdbqt files were prepared for all
homology models and GDP, which were used as the receptors and ligand, respectively.
AutoDock Vina was then run in the command prompt, and the resulting docked configura-
tions were visualized using PyMOL (The PyMOL Molecular Graphics System, Version 3.0,
Schrodinger, LLC, Boston, MA, USA).

2.10. Statistical Analysis

All experiments were conducted at least three times, and each trial involved at least
three technical replicates. To compare means from three or more groups, analysis of
variance (ANOVA) followed by Tukey’s HSD post hoc test was used to compare differences
among multiple setups. Results from all quantitative experiments were presented as mean
=+ standard deviation. In all statistical tests, significance was defined as follows: * for
p <0.05; ** for p < 0.01; ** for p < 0.001; and **** for p < 0.0001.

3. Results
3.1. NRAS G48C, Q43K, and E37K Promote Cellular Proliferation in HCT116 and NIH3T3 Cells

To assess the impact of the novel NRAS G48C, Q43K, and E37K mutations on the
proliferative capacity of HCT116 and NIH3T3 cells, the CellTiter 9%6® AQueous One Solution
Cell Proliferation Assay was carried out. Cell counts were conducted over three consecutive
days. All novel mutants enhanced cell proliferation, with a notable increase in cell count at
72 h post-transfection (Figure 1a,b) compared to the vector-only, wild-type, and canonical
mutant control NRAS Q61K, and they deviated from previous observations that mutations
in NRAS do not affect cellular proliferation [16,21,39].

(a) (b)

1.5 1.5=
) )
8 3
o 107 ns 1e 2 107 -
‘.au ﬂ ns
s 5 ns
- -
[+] -]
3 3
2 0.54 a 0.5
E £
3 3
4 z
0.0~

PTT WT Q61K G48C Q43K E37K PTT WT Q61K G48C Q43K E37K

Figure 1. Effect of the novel NRAS mutants on cell proliferation. NRAS G48C, Q43K, and E37K
enhanced proliferation of both HCT116 and NIH3T3 cells compared to vector-only, wild-type, and
canonical mutant control Q61K. Proliferation rates of (a) HCT116 cells and (b) NIH3T3 cells transfected
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with empty vector, wild-type NRAS, canonical NRAS Q61K mutant, and the novel NRAS mutants
G48C, Q43K, and E37K are shown. Data presented are representative of three independent trials,
each performed in triplicate, and expressed as mean =+ standard deviation (SD). * p < 0.05, ** p < 0.01,
#**p <0.001, **** p < 0.0001. PTT = pTargeT vector-only control; WT = wild-type; ns = non-significant.

3.2. NRAS G48C, Q43K, and E37K Promote 3D Spheroid Formation in HCT116 Cells

To assess the reproducibility of the observed results in a model that approximates the
spatial organization of tumor cells, HCT116 cells transfected with constructs of the NRAS
mutants, along with the wild-type, vector-only, and NRAS Q61K canonical mutant controls,
were cultured as 3D spheroids. Mere overexpression of wild-type NRAS promoted the
proliferation of cells compared to the vector-only control, but the canonical mutant Q61K
and the novel mutants G48C, Q43K, and E37K further promoted cellular proliferation
compared to the wild-type (Figure 2b,c) in CellTiter-Glo™ 3D Cell Viability Assays. The
representative images (Figure 2a) confirm the ability of the mutants to promote cellular
proliferation in a more physiologically relevant model compared to 2D assays.

(a)

PTT WT Q61K G48C Q43K E37K

Brightfield &

Calcein

Hoechst

Merged

100 Ij— = *

80,000
60,000

40,000+

Cell Viability (RLU)

20,000

0-

PTT WT Q81K G48C Q43K E3TK PTT WT Q81K G48C Q43K EITK

Figure 2. 3D spheroid cultures transfected with pTT, WT, NRAS Q61K, and novel NRAS mutants.
(a) Images of spheroids for all of the constructs. Spheroids were stained with calcein and Hoechst to
visualize spheroid formation. (b) Quantification of cell viability (RLU values). (c¢) Measurement of 3D
spheroid diameter. Data presented are representative of three independent trials, each performed
in triplicate, and expressed as mean =+ standard deviation (SD). * p < 0.05, ** p < 0.01, ** p < 0.001,
#** p < 0.0001. PTT = pTargeT vector-only control; WT = wild-type; ns = non-significant.
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The relative luminescence units (RLU) and tumor spheroid diameters were measured
(Figure 2a,b). The RLU values in the context of the 3D spheroid assay are measures of
the luminescent signal produced by spheroid structures, and they are used to quantify
cell viability. If RLUs are higher in cancer cells, this could indicate increased metabolic
activity, enhanced proliferation, increased viability, or reduced apoptosis. The ATP levels
of metabolically active 3D cultures correlate with the range of luminescence outputs ob-
served in the assay [40]. Significant compression of tumor spheroids amplifies cancer cell
proliferation and metastatic process [41].

3.3. The Novel NRAS Mutants G48C, Q43K, and E37K Promote Apoptosis Resistance

The novel NRAS mutants G48C, Q43K, and E37K, alongside the vector-only, wild-type
NRAS, and canonical Q61K mutant controls, were evaluated for their ability to inhibit
apoptosis in HCT116 and NIH3T3 cells (Figure 3a,b, respectively) via the Caspase-Glo
3/7 assay. The novel NRAS mutants, G48C and E37K, showed significant resistance to
apoptosis, similar to the canonical mutant Q61K, and in contrast to the wild-type and
vector-only controls in both HCT116 and NIH3T3 cells. However, Q43K showed resistance
only in HCT116, and not in NIH3T3 cells. Overall, these findings are consistent with the
previous literature on NRAS, showing that mutations in the oncogene can lead to apoptosis
resistance [16,21,42].

(@ ~ (b .
2'5- nhn = ( ) 2.0- ns
2.0 ns

> 2 1.5+
=z 2
- Q
< 1.5+ <
S & 1.0
@ @
& 1.0 a
3 @
] «

o O 0.5
0.5+
0.0- 0.0

PTT wWT Q61K G48C Q43K E37K PTT WT Q61K G48C Q43K E37K

Figure 3. Effect of the novel NRAS mutants, G48C, Q43K, and E37K, on cell survival. (a) HCT116
and (b) NIH3T3 cells were transfected with NRAS WT and mutant constructs, then assessed for their
ability to resist apoptosis when induced with sodium butyrate (HCT116) and reduced serum con-
centration (NIH3T3). Data presented are representative of three independent trials, each performed
in triplicate, and expressed as mean =+ standard deviation (SD). * p < 0.05, ** p < 0.01, ** p < 0.001,
#*% p < 0.0001. PTT = pTargeT vector-only control; WT = wild-type; ns = non-significant.

3.4. NRAS G48C, Q43K, and E37K Show No Effect on Cellular Migration in NIH3T3, but G48C
Enhanced the Migration Rate of HCT116 Cells

Scratch wound assays were conducted to assess the impact of the novel NRAS mutants
on the migratory capacity of both HCT116 and NIH3T3 cells. NRAS G48C enhanced the
migration rate of HCT116 cells compared to wild-type and vector-only controls, particularly
in conditions of reduced serum concentration. Similar to the canonical NRAS mutant Q61K,
Q43K and E37K did not show a significant difference in the migration rate when compared
to the wild-type and vector-only controls (Figure 4a,b).

Cells transfected with the canonical and three novel NRAS mutants exhibited no effect
on the wound closure rate in NIH3T3 cells (Figure 4b,d). Earlier investigations on the
canonical NRAS G12D and Q61K mutants, as well as the novel NRAS mutant E132K, did
not show any effect on cell migration in either HCT116 and NIH3T3 cells [21].
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Figure 4. Effect of NRAS G48C, Q43K, and E37K mutants on cellular migration in HCT116 and
NIH3T3 cells. Scratch wound assay showing representative images of (a) HCT116 and (c) NIH3T3
cells transfected with empty vector, wild-type NRAS, canonical NRAS Q61K control, and the novel
NRAS mutants G48C, Q43K, and E37K at 0 h and 16 h post-scratch. The migration rates for each setup
are shown in (b,d) for HCT116 and NIH3T3 cells, respectively. Data presented are representative of
three independent trials, each performed in triplicate, and expressed as mean =+ standard deviation
(SD). ** p < 0.01. pTT = pTargeT vector-only control; WT = wild-type; ns = non-significant.

3.5. NRAS G48C, Q43K, and E37K Induce Cytoskeletal Remodeling in NIH3T3 Cells

The effects of the novel NRAS mutants on cytoskeletal organization were investigated
by staining with Alexa Fluor™ 488-conjugated phalloidin, which visualizes F-actin and
Hoechst 33,342 for nuclear staining (Figure 5). Across all mutant variants, distinctive
alterations were observed, including the presence of hair-like filopodia and actin-rich
lamellipodia; a reduction in cytoplasmic volume, resulting in shrunken and punctate cyto-
plasm; the formation of thick peripheral actin structures, including peripheral and circular
dorsal ruffles; the presence of multilobulated nuclei and fusing cells that are associated
with tumorigenesis; and the emergence of tunneling nanotube-like formations. Concur-
rently, protrusive invadopodia were also identifiable in some cells, collectively suggesting
a comprehensive restructuring of the cytoskeleton that is indicative of heightened motility
and invasive potential. In contrast, cells transfected with wild-type NRAS exhibited well-
organized parallel stress fibers, with no significant morphological changes observed, except
for a denser appearance compared to pTargeT vector-only controls. Similar to other, previ-
ously described cancer phenotypes, this finding aligns with prior studies, indicating that
the mere overexpression of wild-type RAS variants is inadequate to induce a transformed
cellular phenotype in NIH3T3 cells [21,43].
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Figure 5. Expression of NRAS mutants induce cytoskeletal remodeling in NIH3T3 cells. Distinct
features, such as prominent peripheral stress fibers (yellow arrows) and highly organized actin
filaments (red arrowheads), are present in both the empty vector (A) and wild-type (B) setups.
Central round nuclei (orange arrowheads) are also visible in WT. Changes in cytoskeletal architecture,
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as well as invasive structures, are observable in both canonical and novel mutant setups (C,D = Q61K;
EF = G48C; G H = Q43K; L] = E37K), including fan-shaped cells with prominent migrating front (sky
blue brackets); peripheral dorsal ruffles (pink arrowheads); circular dorsal ruffles (yellow arrowheads);
tunneling nanotubes (gray arrowheads); multilobulated nuclei (red arrows); invadopodia (pink
arrows); lamellipodia (gold arrowheads); filopodia (purple arrowheads); and fusing cells (yellow
brackets).

3.6. Prediction of the Oncogenic Impact of NRAS Mutants through Bioinformatics-Based Modeling
and Molecular Docking Simulations

Protein in silico analysis was conducted for NRAS G48C, Q43K, and E37K to assess
the structural changes induced by the missense mutations. Generated homology models
(Figure 6a) were compared to those of NRAS wild-type (PDB ID: 5UHV), and the resulting
RMSDs are 0.658 A, 0.658 A, and 0.664 A for G48C, Q43K, and E37K, respectively. The
RMSD value represents the average distance between the alpha-carbon backbones of the
analyzed models, with a higher value indicating a greater predicted deviation between
the molecules [44,45]. This suggests that the NRAS missense mutations may not have
substantially altered the structure of the wild-type protein, which is expected of single nu-
cleotide variations. To further assess the effect of the NRAS mutants, web-based prediction
tools were used. These rely on the evolutionary conservation of the amino acid sequence,
the biochemical properties of each residue, and a recorded deleterious effect on known
diseases [32-37]. NRAS G48C, Q43K, and E37K were all predicted to be deleterious or
pathogenic (Table 2), despite inducing minimal changes in structure. So far, these results
suggest that the functional consequences of single amino acid substitutions do not solely
rely on the overall protein structure.

Table 2. Assessment of NRAS missense variants using web-based prediction tools.

PROVEAN Polyphen-2 ALIGN GVGD MutPred FATHMM

C48C Deleterious Probably Highly pathogenic ~ Pathogenic Cancer
(—3.606) damaging (0.998) (Class65) (0.850) (—2.83)

gmng
QU3K Deleterious Possibly Pathogenic (Class ~ Pathogenic Cancer
(—6.339) damaging (0.493) 45) (0.864) (—2.13)

gmng
F37K Deleterious Possibly Highly pathogenic  Pathogenic Cancer
(—3.046) damaging (0.506) (Class 55 (0.788) (—2.47)

To probe the functional aspect of NRAS, GDP docking simulations were performed
using AutoDock Vina [38]. Nucleotide hydrolysis and exchange dictate the activation state
of Ras proteins; therefore, alterations in this mechanism can either promote or inhibit onco-
genicity. In this study, nucleotide exchange was assessed by identifying the binding affinity
of GDP to the binding site of NRAS. As shown in the resulting docked configurations
(Figure 6b), only in the wild-type structure was GDP able to bind fully within the binding
pocket. The phosphate group of GDP is notably protruding outward of the binding pocket
for all of the NRAS mutants, unlike in the wild-type version. Moreover, comparing the
GDP-binding affinities, NRAS G48C, Q43K, and E37K all have less negative AG values,
indicating a weaker binding affinity compared to the wild-type version. These results
suggest that the missense mutations can affect GDP-binding, and potentially nucleotide
exchange, thus corroborating the predicted functional and oncogenic impact.
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G48C Q43K

RMSD: 0.658 RMSD: 0.658

(b)

NRAS WT Q43K
-7.7 kecal/mol -5.8 kcal/mol

G48C E37K
-6.7 kcal/mol -5.0 kcal/mol

Figure 6. In silico analyses of the potential oncogenic impact of the novel NRAS mutants G48C,
43K, and E37K. (a) Homology modeling of NRAS mutants suggests potential oncogenic impact.
NRAS is depicted in blue, with its mutated residue highlighted in yellow, superimposed on wild-type
NRAS, which is shown in red. (b) AutoDock Vina Protein-Ligand Docking. Generated homology
structures of the NRAS mutants were used as receptors to dock GDP ligands. The mutated residues
of each mutant are shown in red. The docked configurations shown represent GDP-binding to the
nucleotide-binding pocket, as seen in the initially published structure (NRAS WT; PDB ID: 5UHV).
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4. Discussion

As sequencing initiatives maximize the advantages offered by next-generation sequencing—
which allows for comprehensive gene coverage—the discovery of uncharted novel muta-
tions outside mutational hotspots will become more common. While many of them are
likely to be infrequent, the American Society for Clinical Oncology posits that rare muta-
tions, including those in KRAS, may represent new mechanisms of resistance, and therefore
argued for expanded KRAS and NRAS mutational analysis [46,47]. Tumor heterogeneity
is another reason for cataloguing mutations that may coexist in cancer tissues. Pockets of
cancer cells harboring rare mutations that confer resistance may survive initial therapeutic
intervention and become the predominant cells in the event of a relapse. In the context of
clinical management, ethnic nuances in the mutational profiles of cancer patients across the
globe may further add to the already complex challenges posed by tumor heterogeneity.

Our prospective, targeted, next-generation sequencing study of EGFR pathway genes
in tumors obtained from Filipino young-onset colorectal cancer patients [20] confirmed
extensive inter- and intratumor heterogeneity, and identified dozens of novel coding
region mutations, many of which have not been reported in the literature, or remain only
partially characterized. In addition to the three NRAS mutants described in this study,
other novel mutations in KRAS, NRAS, RRAS, BRAF, PIK3CA, PTEN, and MEKT1 are still
undergoing detailed characterization and analysis, and are currently unpublished. Here,
the three novel NRAS mutations—c.142G>T (G48C), ¢.127C>A (Q43K), and ¢c.109G>A
(E37K)—were characterized for their effects on cancer phenotypes in vitro, using NIH3T3
and HCT116 cells. NIH3T3 is a preferred cell line for characterizing RAS oncogenes and
their mutant variants, because of its wild-type background, and the fact that it does not
require complementation of cooperative oncogenes for the effect of a transfected mutant
construct to manifest [23-27,48,49], except, perhaps, for assays such as those for epithelial-
to-mesenchymal transition that require an epithelial background. The most commonly used
CRC cell lines, on the other hand, have variable background mutations in either KRAS,
PIK3CA, or BRAF that may confound the interpretation of the phenotypes observed. To wit,
SW480 has a KRAS G12V mutation; SW948 has KRAS Q61L and PIK3CA E542K; DLD-1
has G13D; HT29 has BRAF V600E; and HCT116 has KRAS G13D and PIK3CA H1047R [50].
This does not yet include the mutational status of some of these cell lines for adenomatous
polyposis coli (APC) and p53. Hence, the impact of introduced mutations may be masked
by, and may be difficult to decouple from, the effects of the variable background mutations
in different cellular environments. Although harboring endogenous KRAS G13D and
PIK3CA H1047R mutations, the oncogenic phenotypes of HCT116 may still be modulated
in most cases via overexpression of oncogenes and their mutant variants; furthermore, the
effects of the latter are decoupled from those of background mutations through the use
of relevant controls [51], although this is not always the case. Unlike KRAS mutations,
which are very well characterized in CRC for their clinical consequences, as well as for their
molecular and cellular effects on individual cancer hallmarks, there are fewer studies on
NRAS mutants, most of which only report on their identification and their impact on lack
of response to anti-EGFR therapy. To date, the functionally characterized NRAS mutants
are limited mostly to codons 12, 13, and 61 [19,21,52-56]. More recently, A11V and E132K
have been added to this finite list of characterized NRAS mutants [21,36].

In this study, cells expressing the novel NRAS mutants, G48C, Q43K, and E37K, all
exhibited an enhanced proliferative capacity in both HCT116 and NIH3T3 cells. This
was corroborated by the results of spheroid assays, which replicate specific aspects of 3D
growth and enhance cell—cell interaction to provide a more relevant simulation of tumor
physiology [57]. NRAS G48C, Q43K, and E37K showed significantly higher RLU values in
3D cell viability assays compared to wild-type and vector-only controls, which is indicative
of enhanced proliferation. Further, cells expressing G48C, Q43K, and E37K produced
spheroids with a larger diameter than wild-type and vector-only controls. This is in contrast
to previous studies on NRAS mutants, which showed no apparent effect on cell proliferation
both in vitro and in animal models [16,21,39,42]. Notably, mice carrying a Cre-dependent



Cells 2024, 13, 1691

14 of 18

activated allele of NRAS (G12D) did not induce hyperproliferation, while KRAS G12D
did, which manifested as chronic intestinal hyperplasia in the colonic epithelium [39]. It is
interesting to note, however, that cells expressing the NRAS Q61K canonical mutant showed
enhanced proliferation in 3D spheroids, but had no apparent effect on proliferation in 2D
cultures. This suggests that 3D physical architecture and enhanced cell-cell interactions
may influence the phenotypic readout of individual mutations.

Similar to the Q61K canonical mutant control, the NRAS mutants G48C and E37K
conferred resistance to apoptosis in both HCT116 and NIH3T3 cells, as indicated by a
significant decrease in caspase 3/7 activity. The NRAS mutant Q43K, on the other hand,
had no anti-apoptotic effect on NIH3T3 cells. The reason for this differential effect of Q43K
on the two cell lines is not immediately apparent. It is plausible that Q43K may not really
have an anti-apoptotic effect, and that the level of caspase 3/7 activity seen for the Q43K
setup in HCT116 cells can be solely attributed to the endogenous PIK3CA H1047R mutation
in the cell line. In contrast, G48C, E37K, and the canonical Q61K control showed decoupled
anti-apoptotic effects in the wild-type background of NIH3T3 cells. The results for NRAS
G48C and E37K, but not for Q43K, are congruent with both in vitro and in vivo studies,
showing that while KRAS mutations do not have pro-survival effects, NRAS mutants
do [16,21,39,42].

Neither the three novel NRAS mutants nor the canonical NRAS Q61K mutant pro-
moted cell migration in NIH3T3 cells. NRAS G48C, however, significantly enhanced
cellular migration in HCT116 cells, even in reduced serum conditions. It is possible that the
pro-migratory effect of NRAS G48C only manifested in the presence of the endogenous
KRAS G13D mutation in HCT116. Such a context-dependent requirement for a coopera-
tive mutation is not without precedent in atypical oncogenic variants. For instance, the
kinase-dead BRAF D594F mutation is able to hyperactivate ERK phosphorylation in the
presence of concurrent RAS mutations, yet it lacks such an activity when RAS is wild-
type [58]. Similar to previously characterized NRAS mutants, including G12D, G12V, Q61K,
A11V, and E132K, the novel NRAS Q43K and E37K mutants showed no effect on cellular
migration [21,42,59].

F-actin cytoskeletal staining of NIH3T cells expressing the NRAS mutants revealed
morphological alterations indicative of cytoskeletal remodeling. All novel mutant setups, as
well as cells expressing the canonical Q61K mutant, displayed a shrunken cytoplasm with
a punctate actin staining characteristic of cytoskeletal disassembly. In contrast, cells trans-
fected with the vector-only control or the wild-type NRAS construct were generally larger,
polygonal in shape, and have highly organized parallel stress fibers. As well, cells express-
ing the mutant constructs were mostly detached or solitary, and many are fan-shaped, with
a prominent leading edge. Transient structures associated with motility and invasiveness
were also apparent in all mutant setups. Many nuclei are surrounded by contractile actin
bundles known as perinuclear actin rims, which help flatten or stretch nuclei to facilitate
cellular migration while preserving genome integrity [60,61]. Invadopodia, which help
degrade the extracellular matrix [62], are also identifiable. Some cells display peripheral
dorsal ruffles, as well as circular dorsal ruffles which have collapsed inwards to soften the
cytoskeleton [63]. Tunneling nanotubes (TNTs) extending from cell to cell are identifiable
in cells transfected with G48C and E37K. TNTs have been shown to facilitate intercellu-
lar transport of RNA transcripts, proteins, and even organelles such as mitochondria, to
instigate an oncogenic program or promote survival of damaged cells [64,65]. Lastly, cell
fusion—a result of aberrant mitosis sometimes observed in some malignancies [66]—can
be observed in cells transfected with NRAS E37K.

Finally, the in silico analysis carried out predicted a deleterious or pathogenic conse-
quence for each of the NRAS mutants. While this study carried out transient overexpression
experiments, the oncogenic effects of NRAS G48C, Q43K, and E37K are evident in different
cancer hallmark assays. It is also noteworthy that RMSD calculations have an intrinsic
limitation of only analyzing rigid structures; nonetheless, single amino acid substitutions
are not expected to substantially affect the overall protein structure. However, ligand dock-



Cells 2024, 13, 1691 150f 18

ing simulations, along with the resulting functional predictions, imply that the changes in
overall protein structure do not necessarily translate to an immediate change in function.
Furthermore, in relation to the results of in vitro experiments, it is intriguing to speculate
whether an altered or increased nucleotide exchange could explain the functional conse-
quences observed. While much of the literature on this mechanism is focused on the other
RAS isoforms, the results of initial docking simulations warrant further investigation to
better understand the oncogenic program prompted by the NRAS mutants in CRC.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/cells13201691/s1, Figure S1: Confirmation of NRAS expression
from the different gene constructs via Western blot analysis in (A) HCT116 and (B) NIH3T3 cells.

Author Contributions: Conceptualization, D.L.S. and R.L.G.; data curation, C.J].T.U., A, AR.A,, D.LS.
and R.L.G,; formal analysis, M.A.G.F,, DM.G.L., ].A.D.d.B. and R.L.G.; funding acquisition, D.L.S.
and R.L.G.; investigation, M.A.G.F. and D.M.G.L.; methodology, M.A.G.F.,, DM.G.L., ]. A.D.d.B. and
R.L.G;; project administration, D.L.S. and R.L.G.; resources, D.L.S. and R.L.G.; supervision, D.L.S.
and R.L.G.; writing—original draft, M.A.G.F,, ].A.D.d.B. and R.L.G.; writing—review and editing,
JJAD.d.B., D.LS. and R.L.G. All authors have read and agreed to the published version of the
manuscript.

Funding: This work was supported by grants from the University of the Philippines System (OVPAA-
EIDR Code 06-008) and the Philippine Council for Health Research and Development (grant code
FP150025), as well as by in-house funds from the National Institute of Molecular Biology and
Biotechnology, University of the Philippines Diliman.

Institutional Review Board Statement: This study did not involve human participants or animals.
The novel NRAS mutant gene constructs used in this study were generated using a wild-type
construct already available in the laboratory as a template. The next-generation sequencing study
referred to in the article, from which the sequences of the NRAS mutants were based, was approved
by the University of the Philippines Manila Research Ethics Board with the study protocol codes
UPMREB 2016-042-01 and UPMREB 2016-001-01.

Informed Consent Statement: Not applicable.

Data Availability Statement: All data generated or analyzed in this study are available from the
corresponding author upon reasonable request. Next-generation sequencing data, from which the
novel NRAS mutants reported in this study were identified, are available via BioProject accession
number PRJNA1156316.

Acknowledgments: M.A.G.F is a recipient of the DOST-SEI ASTHRDP scholarship. Thanks also
go to Clary Garcia and members of the Disease Molecular Biology and Epigenetics Laboratory (UP
Diliman) for technical assistance and advice.

Conflicts of Interest: The authors declare no conflicts of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References

1.

Fernandez, ] K.; Borlongan, M.A.; Baliton, M. A ; Sacdalan, D.L.; Sy, EE,; Agoncillo, A.; Arenos, C.L.; Tatoy, V.; Uy, TJ.; Reveldez,
I.A.; et al. Knowledge, Attitudes, and Practices in Colorectal Cancer Screening in the Philippines. Acta Med. Philipp. 2024.
[CrossRef]

Pecorino, L. Molecular Biology of Cancer: Mechanisms, Targets, and Therapeutics, 5th ed.; Oxford University Press: Oxford, UK, 2021;
ISBN 978-0-19-883302-4.

Mitin, N.; Rossman, K.L.; Der, C.J. Signaling Interplay in Ras Superfamily Function. Curr. Biol. 2005, 15, R563-R574. [CrossRef]
[PubMed]

Burgess, A.W.; Garrett, T.P.J. EGFR Receptor Family Extracellular Domain Structures and Functions. In EGFR Signaling Networks
in Cancer Therapy; Haley, ].D., Gullick, W.]J., Eds.; Humana Press: Totowa, NJ, USA, 2008; pp. 2-13. ISBN 978-1-58829-948-2.

Liu, D. Cancer Biomarkers for Targeted Therapy. Biomark. Res. 2019, 7, 25. [CrossRef]

Misale, S.; Nicolantonio, ED.; Sartore-Bianchi, A.; Siena, S.; Bardelli, A. Resistance to Anti-EGFR Therapy in Colorectal Cancer:
From Heterogeneity to Convergent Evolution. Cancer Discov. 2014, 4, 1269-1280. [CrossRef] [PubMed]


https://www.mdpi.com/article/10.3390/cells13201691/s1
https://www.mdpi.com/article/10.3390/cells13201691/s1
https://doi.org/10.47895/amp.vi0.8608
https://doi.org/10.1016/j.cub.2005.07.010
https://www.ncbi.nlm.nih.gov/pubmed/16051167
https://doi.org/10.1186/s40364-019-0178-7
https://doi.org/10.1158/2159-8290.CD-14-0462
https://www.ncbi.nlm.nih.gov/pubmed/25293556

Cells 2024, 13, 1691 16 of 18

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Castellano, E.; Santos, E. Functional Specificity of Ras Isoforms: So Similar but So Different. Genes Cancer 2011, 2, 216-231.
[CrossRef]

Jaffee, E.M.; Hruban, R.H.; Canto, M.; Kern, S.E. Focus on Pancreas Cancer. Cancer Cell 2002, 2, 25-28. [CrossRef]

Zhu, G,; Pei, L.; Xia, H.; Tang, Q.; Bi, F. Role of Oncogenic KRAS in the Prognosis, Diagnosis and Treatment of Colorectal Cancer.
Mol. Cancer 2021, 20, 143. [CrossRef]

Cascetta, P.; Marinello, A.; Lazzari, C.; Gregorc, V.; Planchard, D.; Bianco, R.; Normanno, N.; Morabito, A. KRAS in NSCLC: State
of the Art and Future Perspectives. Cancers 2022, 14, 5430. [CrossRef]

Alawieh, D.; Cysique-Foinlan, L.; Willekens, C.; Renneville, A. RAS Mutations in Myeloid Malignancies: Revisiting Old Questions
with Novel Insights and Therapeutic Perspectives. Blood Cancer ]. 2024, 14, 72. [CrossRef]

Phadke, M.S.; Smalley, K.S.M. Targeting NRAS Mutations in Advanced Melanoma. J. Clin. Oncol. 2023, 41, 2661-2664. [CrossRef]
Pazik, M.; Michalska, K.; Zebrowska-Nawrocka, M.; Zawadzka, I.; Lochowski, M.; Balcerczak, E. Clinical Significance of HRAS
and KRAS Genes Expression in Patients with Non-Small-Cell Lung Cancer—Preliminary Findings. BMC Cancer 2021, 21, 130.
[CrossRef]

Mufioz-Maldonado, C.; Zimmer, Y.; Medova, M. A Comparative Analysis of Individual RAS Mutations in Cancer Biology. Front.
Oncol. 2019, 9, 1088. [CrossRef]

Prior, I.A.; Lewis, PD.; Mattos, C. A Comprehensive Survey of Ras Mutations in Cancer. Cancer Res. 2012, 72, 2457-2467.
[CrossRef] [PubMed]

Wang, Y; Velho, S.; Vakiani, E.; Peng, S.; Bass, A.].; Chu, G.C.; Gierut, J.; Bugni, ]. M.; Der, C.J.; Philips, M.; et al. Mutant N-RAS
Protects Colorectal Cancer Cells from Stress-Induced Apoptosis and Contributes to Cancer Development and Progression. Cancer
Discov. 2013, 3, 294-307. [CrossRef] [PubMed]

Schirripa, M.; Cremolini, C.; Loupakis, F.; Morvillo, M.; Bergamo, E; Zoratto, F; Salvatore, L.; Antoniotti, C.; Marmorino, E; Sensi,
E.; et al. Role of NRAS Mutations as Prognostic and Predictive Markers in Metastatic Colorectal Cancer. Int. J. Cancer 2015, 136,
83-90. [CrossRef]

Au, H.-J; Karapetis, C.S.; O’Callaghan, C.J.; Tu, D.; Moore, M.].; Zalcberg, ].R.; Kennecke, H.; Shapiro, ]J.D.; Koski, S.; Pavlakis,
N.; et al. Health-Related Quality of Life in Patients with Advanced Colorectal Cancer Treated with Cetuximab: Overall and
KRAS-Specific Results of the NCIC CTG and AGITG CO.17 Trial. ]. Clin. Oncol. 2009, 27, 1822-1828. [CrossRef]

Cercek, A.; Capanu, M.; Hechtman, J.E; Kemeny, N.; Saltz, L.; Braghiroli, M.I.; Yaeger, R.; Chou, ]J.F. Clinical Features and
Outcomes of Patients with Colorectal Cancers Harboring NRAS Mutations. Clin. Cancer Res. 2017, 23, 4753-4760. [CrossRef]
Sacdalan, D.L.; Garcia, R.L.; Diwa, M.H.; Sacdalan, D.B. Clinicopathologic Factors Associated with Mismatch Repair Status
Among Filipino Patients with Young-Onset Colorectal Cancer. Cancer Manag. Res. 2021, 13, 2105-2115. [CrossRef]

Yu, RT.D.; Garcia, R.L. NRAS Mutant E132K Identified in Young-Onset Sporadic Colorectal Cancer and the Canonical Mutants
G12D and Q61K Affect Distinct Oncogenic Phenotypes. Sci. Rep. 2020, 10, 11028. [CrossRef]

Danac, ].M.C.; Garcia, R.L. CircPVT1 Attenuates Negative Regulation of NRAS by Let-7 and Drives Cancer Cells towards
Oncogenicity. Sci. Rep. 2021, 11, 9021. [CrossRef]

Thorgeirsson, U.P,; Turpeenniemi-Hujanen, T.; Williams, J.E.; Westin, E.H.; Heilman, C.A.; Talmadge, J.E.; Liotta, L.A. NIH/3T3
Cells Transfected with Human Tumor DNA Containing Activated Ras Oncogenes Express the Metastatic Phenotype in Nude
Mice. Mol. Cell Biol. 1985, 5, 259-262. [CrossRef] [PubMed]

Apageorge, A.G.; Willumsen, B.M.; Johnsen, M.; Kung, H.E; Stacey, D.W.; Vass, W.C.; Lowy, D.R. A Transforming Ras Gene Can
Provide an Essential Function Ordinarily Supplied by an Endogenous Ras Gene. Mol. Cell Biol. 1986, 6, 1843-1846.
DeFeo-Jones, D.; Tatchell, K.; Robinson, L.C.; Sigal, 1.S.; Vass, W.C.; Lowy, D.R.; Scolnick, E.M. Mammalian and Yeast Ras Gene
Products: Biological Function in Their Heterologous Systems. Science 1985, 228, 179-184. [CrossRef] [PubMed]

Cheng, C.-M.; Li, H.; Gasman, S.; Huang, ].; Schiff, R.; Chang, E.C. Compartmentalized Ras Proteins Transform NIH 3T3 Cells
with Different Efficiencies. Mol. Cell. Biol. 2011, 31, 983-997. [CrossRef] [PubMed]

Garett, C.; Sell, S. (Eds.) Cellular Cancer Markers, 12th ed.; Humana Press: Totowa, NJ, USA, 1995.

Haagensen, E.J.; Thomas, H.D.; Mudd, C.; Tsonou, E.; Wiggins, C.M.; Maxwell, R.J.; Moore, ].D.; Newell, D.R. Pre-Clinical Use of
Isogenic Cell Lines and Tumours in Vitro and in Vivo for Predictive Biomarker Discovery; Impact of KRAS and PI3KCA Mutation
Status on MEK Inhibitor Activity Is Model Dependent. Eur. J. Cancer 2016, 56, 69-76. [CrossRef]

Ghodsinia, A.A.; Lego, ].-A.M.T.; Garcia, R.L. Mutation-Associated Phenotypic Heterogeneity in Novel and Canonical PIK3CA
Helical and Kinase Domain Mutants. Cells 2020, 9, 1116. [CrossRef]

Gebéck, T.; Schulz, M.M.P,; Koumoutsakos, P.; Detmar, M. TScratch: A Novel and Simple Software Tool for Automated Analysis
of Monolayer Wound Healing Assays. BioTechniques 2009, 46, 265-274. [CrossRef]

Waterhouse, A.; Bertoni, M.; Bienert, S.; Studer, G.; Tauriello, G.; Gumienny, R.; Heer, FT.; Beer, T.A.P.D.; Rempfer, C.; Bordoli,
L.; et al. SWISS-MODEL: Homology Modelling of Protein Structures and Complexes. Nucleic Acids Res. 2018, 46, W296-W303.
[CrossRef]

Adzhubei, I.A; Schmidt, S.; Peshkin, L.; Ramensky, V.E.; Gerasimova, A.; Bork, P.; Kondrashov, A.S.; Sunyaev, S.R. A Method and
Server for Predicting Damaging Missense Mutations. Nat. Methods 2010, 7, 248-249. [CrossRef]

Choi, Y.; Chan, A.P. PROVEAN Web Server: A Tool to Predict the Functional Effect of Amino Acid Substitutions and Indels.
Bioinformatics 2015, 31, 2745-2747. [CrossRef]


https://doi.org/10.1177/1947601911408081
https://doi.org/10.1016/S1535-6108(02)00093-4
https://doi.org/10.1186/s12943-021-01441-4
https://doi.org/10.3390/cancers14215430
https://doi.org/10.1038/s41408-024-01054-2
https://doi.org/10.1200/JCO.23.00205
https://doi.org/10.1186/s12885-021-07858-w
https://doi.org/10.3389/fonc.2019.01088
https://doi.org/10.1158/0008-5472.CAN-11-2612
https://www.ncbi.nlm.nih.gov/pubmed/22589270
https://doi.org/10.1158/2159-8290.CD-12-0198
https://www.ncbi.nlm.nih.gov/pubmed/23274911
https://doi.org/10.1002/ijc.28955
https://doi.org/10.1200/JCO.2008.19.6048
https://doi.org/10.1158/1078-0432.CCR-17-0400
https://doi.org/10.2147/CMAR.S286618
https://doi.org/10.1038/s41598-020-67796-8
https://doi.org/10.1038/s41598-021-88539-3
https://doi.org/10.1128/mcb.5.1.259-262.1985
https://www.ncbi.nlm.nih.gov/pubmed/3982418
https://doi.org/10.1126/science.3883495
https://www.ncbi.nlm.nih.gov/pubmed/3883495
https://doi.org/10.1128/MCB.00137-10
https://www.ncbi.nlm.nih.gov/pubmed/21189290
https://doi.org/10.1016/j.ejca.2015.12.012
https://doi.org/10.3390/cells9051116
https://doi.org/10.2144/000113083
https://doi.org/10.1093/nar/gky427
https://doi.org/10.1038/nmeth0410-248
https://doi.org/10.1093/bioinformatics/btv195

Cells 2024, 13, 1691 17 of 18

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.
44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Mathe, E. Computational Approaches for Predicting the Biological Effect of P53 Missense Mutations: A Comparison of Three
Sequence Analysis Based Methods. Nucleic Acids Res. 2006, 34, 1317-1325. [CrossRef]

Tavtigian, S.V. Comprehensive Statistical Study of 452 BRCA1 Missense Substitutions with Classification of Eight Recurrent
Substitutions as Neutral. ]. Med. Genet. 2005, 43, 295-305. [CrossRef] [PubMed]

Pejaver, V.; Urresti, J.; Lugo-Martinez, J.; Pagel, K.A.; Lin, G.N.; Nam, H.-J.; Mort, M.; Cooper, D.N.; Sebat, J.; Ilakoucheva, L.M.;
et al. Inferring the Molecular and Phenotypic Impact of Amino Acid Variants with MutPred2. Nat. Commun. 2020, 11, 5918.
[CrossRef] [PubMed]

Shihab, H.A.; Rogers, M.E; Gough, ].; Mort, M.; Cooper, D.N.; Day, LN.M.; Gaunt, T.R.; Campbell, C. An Integrative Approach to
Predicting the Functional Effects of Non-Coding and Coding Sequence Variation. Bioinformatics 2015, 31, 1536-1543. [CrossRef]
Trott, O.; Olson, A.J]. AutoDock Vina: Improving the Speed and Accuracy of Docking with a New Scoring Function, Efficient
Optimization and Multithreading. J. Comput. Chem. 2010, 31, 455-461. [CrossRef] [PubMed]

Haigis, K.M.; Kendall, K.R.; Wang, Y.; Cheung, A.; Haigis, M.C.; Glickman, ].N.; Niwa-Kawakita, M.; Sweet-Cordero, A.;
Sebolt-Leopold, J.; Shannon, K.M.; et al. Differential Effects of Oncogenic K-Ras and N-Ras on Proliferation, Differentiation and
Tumor Progression in the Colon. Nat. Genet. 2008, 40, 600-608. [CrossRef] [PubMed]

Kijanska, M.; Kelm, J. In Vitro 3D Spheroids and Microtissues: ATP-Based Cell Viability and Toxicity Assays. In Assay Guidance
Manual; Markossian, S., Grossman, A., Arkin, M., Auld, D., Austin, C., Baell, J., Brimacombe, K., Chung, T.D.Y., Coussens, N.P,,
Dahlin, J.L,, et al., Eds.; Eli Lilly & Company and the National Center for Advancing Translational Sciences: Bethesda, MD, USA,
2004.

Mary, G.; Malgras, B.; Perez, J.E.; Nagle, I.; Luciani, N.; Pimpie, C.; Asnacios, A.; Pocard, M.; Reffay, M.; Wilhelm, C. Magnetic
Compression of Tumor Spheroids Increases Cell Proliferation In Vitro and Cancer Progression In Vivo. Cancers 2022, 14, 366.
[CrossRef]

Alcantara, KM.M.; Malapit, ].R.P;; Yu, RT.D.; Garrido, ].AM.G.; Rigor, ] P.T.; Angeles, A.KJ; la Paz, EM.C.-D.; Garcia, R.L.
Non-Redundant and Overlapping Oncogenic Readouts of Non-Canonical and Novel Colorectal Cancer KRAS and NRAS Mutants.
Cells 2019, 8, 1557. [CrossRef]

Fernandez-Medarde, A.; Santos, E. Ras in Cancer and Developmental Diseases. Genes Cancer 2011, 2, 344-358. [CrossRef]
Behairy, M.Y,; Soltan, M.A.; Adam, M.S.; Refaat, A.M.; Ezz, E.M.; Albogami, S.; Fayad, E.; Althobaiti, F.; Gouda, A.M.; Sileem,
A.E,; et al. Computational Analysis of Deleterious SNPs in NRAS to Assess Their Potential Correlation with Carcinogenesis.
Front. Genet. 2022, 13, 872845. [CrossRef]

Zhang, Y. TM-Align: A Protein Structure Alignment Algorithm Based on the TM-Score. Nucleic Acids Res. 2005, 33, 2302-2309.
[CrossRef]

Cutsem, E.V,; Cervantes, A.; Adam, R.; Sobrero, A ; Krieken, ].H.V,; Aderka, D.; Aguilar, E.A.; Bardelli, A.; Benson, A.; Bodoky,
G.; et al. ESMO Consensus Guidelines for the Management of Patients with Metastatic Colorectal Cancer. Ann. Oncol. 2016, 27,
1386-1422. [CrossRef]

Takahashi, N.; YAmada, Y.; Taniguchi, H.; Akiyoshi, K.; Honma, Y.; Kato, S.I.; Hamaguchi, T.; Shimada, Y. Mutations in NRAS
Codon 61, KRAS Codon 146, and BRAF V600E as Prognostic Factors in Patients Who Received Anti-EGFR Antibody for Metastatic
Colorectal Cancer. J. Clin. Oncol. 2012, 30, €14126. [CrossRef]

Willumsen, B.M.; Norris, K.; Papageorge, A.G.; Hubbert, N.L.; Lowy, D.R. Harvey Murine Sarcoma Virus P21 Ras Protein:
Biological and Biochemical Significance of the Cysteine Nearest the Carboxy Terminus. EMBO ]. 1984, 3, 2581-2585. [CrossRef]
Stacey, D.; Kung, H.-F. Transformation of NIH 3T3 Cells by Microinjection of Ha-Ras P21 Protein. Nature Publ. Group 1984, 312,
237-242. [CrossRef]

Berg, K.C.G.; Eide, PW.,; Eilertsen, I.A.; Johannessen, B.; Bruun, J.; Danielsen, S.A.; Bjernslett, M.; Meza-Zepeda, L.A.; Eknaes, M.;
Lind, G.E.; et al. Multi-Omics of 34 Colorectal Cancer Cell Lines—A Resource for Biomedical Studies. Mol. Cancer 2017, 16, 116.
[CrossRef]

Yu, J.L.; May, L.; Lhotak, V.; Shahrzad, S.; Shirasawa, S.; Weitz, ].I.; Coomber, B.L.; Mackman, N.; Rak, ].W. Oncogenic Events
Regulate Tissue Factor Expression in Colorectal Cancer Cells: Implications for Tumor Progression and Angiogenesis. Blood 2005,
105, 1734-1741. [CrossRef]

El Agy, F; El Bardai, S.; El Otmani, I.; Benbrahim, Z.; Karim, LM.H.; Mazaz, K.; Benjelloun, E.B.; Ousadden, A.; El Abkari, M.;
Ibrahimi, S.A.; et al. Mutation Status and Prognostic Value of KRAS and NRAS Mutations in Moroccan Colon Cancer Patients: A
First Report. PLoS ONE 2021, 16, e0248522. [CrossRef]

Kuhn, N.; Klinger, B.; Uhlitz, F; Sieber, A.; Rivera, M.; Klotz-Noack, K.; Fichtner, I.; Hoffmann, J.; Bliithgen, N.; Falk, C.; et al.
Mutation-Specific Effects of NRAS Oncogenes in Colorectal Cancer Cells. Adv. Biol. Regul. 2021, 79, 100778. [CrossRef]

Loree, ] M.; Wang, Y.; Syed, M. A_; Sorokin, A.V.; Coker, O.; Xiu, J.; Weinberg, B.A.; Vanderwalde, A.M.; Tesfaye, A.; Raymond,
V.M,; et al. Clinical and Functional Characterization of Atypical KRAS /NRAS Mutations in Metastatic Colorectal Cancer. Clin.
Cancer Res. 2021, 27, 4587-4598. [CrossRef]

Li, Y;; Xiao, J.; Zhang, T.; Zheng, Y.; Jin, H. Analysis of KRAS, NRAS, and BRAF Mutations, Microsatellite Instability, and Relevant
Prognosis Effects in Patients with Early Colorectal Cancer: A Cohort Study in East Asia. Front. Oncol. 2022, 12, 897548. [CrossRef]
[PubMed]


https://doi.org/10.1093/nar/gkj518
https://doi.org/10.1136/jmg.2005.033878
https://www.ncbi.nlm.nih.gov/pubmed/16014699
https://doi.org/10.1038/s41467-020-19669-x
https://www.ncbi.nlm.nih.gov/pubmed/33219223
https://doi.org/10.1093/bioinformatics/btv009
https://doi.org/10.1002/jcc.21334
https://www.ncbi.nlm.nih.gov/pubmed/19499576
https://doi.org/10.1038/ng.115
https://www.ncbi.nlm.nih.gov/pubmed/18372904
https://doi.org/10.3390/cancers14020366
https://doi.org/10.3390/cells8121557
https://doi.org/10.1177/1947601911411084
https://doi.org/10.3389/fgene.2022.872845
https://doi.org/10.1093/nar/gki524
https://doi.org/10.1093/annonc/mdw235
https://doi.org/10.1200/jco.2012.30.15_suppl.e14126
https://doi.org/10.1002/j.1460-2075.1984.tb02177.x
https://doi.org/10.1038/310508a0
https://doi.org/10.1186/s12943-017-0691-y
https://doi.org/10.1182/blood-2004-05-2042
https://doi.org/10.1371/journal.pone.0248522
https://doi.org/10.1016/j.jbior.2020.100778
https://doi.org/10.1158/1078-0432.CCR-21-0180
https://doi.org/10.3389/fonc.2022.897548
https://www.ncbi.nlm.nih.gov/pubmed/35837115

Cells 2024, 13, 1691 18 of 18

56.

57.

58.

59.

60.
61.

62.

63.

64.

65.

66.

Gokmen, 1; Tastekin, E.; Demir, N.; Ozcan, E.; Akgiil, F.; Hacioglu, M.B.; Erdogan, B.; Topaloglu, S.; Cigin, I. Molecular Pattern
and Clinical Implications of KRAS/NRAS and BRAF Mutations in Colorectal Cancer. Curr. Issues Mol. Biol. 2023, 45, 7803-7812.
[CrossRef] [PubMed]

Fennema, E.; Rivron, N.; Rouwkema, ].; Van Blitterswijk, C.; De Boer, J. Spheroid Culture as a Tool for Creating 3D Complex
Tissues. Trends Biotechnol. 2013, 31, 108-115. [CrossRef] [PubMed]

Heidorn, S.J.; Milagre, C.; Whittaker, S.; Nourry, A.; Niculescu-Duvas, I.; Dhomen, N.; Hussain, ].; Reis-Filho, ].S.; Springer, C.J.;
Pritchard, C.; et al. Kinase-Dead BRAF and Oncogenic RAS Cooperate to Drive Tumor Progression through CRAF. Cell 2010, 140,
209-221. [CrossRef]

Voice, ] K.; Klemke, R.L.; Le, A.; Jackson, J.H. Four Human Ras Homologs Differ in Their Abilities to Activate Raf-1, Induce
Transformation, and Stimulate Cell Motility. J. Biol. Chem. 1999, 274, 17164-17170. [CrossRef]

Davidson, PM.; Cadot, B. Actin on and around the Nucleus. Trends Cell Biol. 2021, 31, 211-223. [CrossRef]

Shao, X.; Li, Q.; Mogilner, A.; Bershadsky, A.D.; Shivashankar, G.V. Mechanical Stimulation Induces Formin-Dependent Assembly
of a Perinuclear Actin Rim. Proc. Natl. Acad. Sci. USA 2015, 112, E2595-E2601. [CrossRef]

Vignjevic, D.; Montagnac, G. Reorganisation of the Dendritic Actin Network during Cancer Cell Migration and Invasion. Semin.
Cancer Biol. 2008, 18, 12-22. [CrossRef]

Hoon, J.-L.; Wong, W.-K.; Koh, C.-G. Functions and Regulation of Circular Dorsal Ruffles. Mol. Cell. Biol. 2012, 32, 4246-4257.
[CrossRef]

Sahu, P; Jena, S.R.; Samanta, L. Tunneling Nanotubes: A Versatile Target for Cancer Therapy. Curr. Cancer Drug Targets 2018, 18,
514-521. [CrossRef]

Sinha, P.; Islam, M.N.; Bhattacharya, S.; Bhattacharya, J. Intercellular Mitochondrial Transfer: Bioenergetic Crosstalk between
Cells. Curr. Opin. Genet. Dev. 2016, 38, 97-101. [CrossRef] [PubMed]

Mc Gee, M.M. Targeting the Mitotic Catastrophe Signaling Pathway in Cancer. Mediat. Inflamm. 2015, 2015, 146282. [CrossRef]
[PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3390/cimb45100491
https://www.ncbi.nlm.nih.gov/pubmed/37886935
https://doi.org/10.1016/j.tibtech.2012.12.003
https://www.ncbi.nlm.nih.gov/pubmed/23336996
https://doi.org/10.1016/j.cell.2009.12.040
https://doi.org/10.1074/jbc.274.24.17164
https://doi.org/10.1016/j.tcb.2020.11.009
https://doi.org/10.1073/pnas.1504837112
https://doi.org/10.1016/j.semcancer.2007.08.001
https://doi.org/10.1128/MCB.00551-12
https://doi.org/10.2174/1568009618666171129222637
https://doi.org/10.1016/j.gde.2016.05.002
https://www.ncbi.nlm.nih.gov/pubmed/27235808
https://doi.org/10.1155/2015/146282
https://www.ncbi.nlm.nih.gov/pubmed/26491220

	Introduction 
	Materials and Methods 
	Generation of NRAS Mutant Constructs 
	Cell Culture Maintenance and Transfection 
	Western Blot Analysis 
	Cell Proliferation Assay 
	3D Spheroid Assay 
	Caspase 3/7 Assay 
	Wound Healing Assay 
	Actin Cytoskeletal Staining 
	Protein Modeling and in Silico Prediction of the Functional Impact of the Novel NRAS Mutations 
	Statistical Analysis 

	Results 
	NRAS G48C, Q43K, and E37K Promote Cellular Proliferation in HCT116 and NIH3T3 Cells 
	NRAS G48C, Q43K, and E37K Promote 3D Spheroid Formation in HCT116 Cells 
	The Novel NRAS Mutants G48C, Q43K, and E37K Promote Apoptosis Resistance 
	NRAS G48C, Q43K, and E37K Show No Effect on Cellular Migration in NIH3T3, but G48C Enhanced the Migration Rate of HCT116 Cells 
	NRAS G48C, Q43K, and E37K Induce Cytoskeletal Remodeling in NIH3T3 Cells 
	Prediction of the Oncogenic Impact of NRAS Mutants through Bioinformatics-Based Modeling and Molecular Docking Simulations 

	Discussion 
	References

