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K-Ras Binds Calmodulin-Related Centrin1 with Potential
Implications for K-Ras Driven Cancer Cell Stemness

Ganesh babu Manoharan, Christina Laurini, Sara Bottone, Nesrine Ben Fredj and Daniel Kwaku Abankwa *

Cancer Cell Biology and Drug Discovery Group, Department of Life Sciences and Medicine,
University of Luxembourg, L-4362 Esch-sur-Alzette, Luxembourg
* Correspondence: daniel.abankwa@uni.lu

Simple Summary: Trafficking chaperones facilitate the spatio-temporal distribution pattern of pro-
teins inside cells. In the case of the membrane-anchored protein Ras, trafficking chaperones typically
bind to the C-terminal farnesyl-moiety. Thus shielded from the aqueous environment, Ras can
diffuse more efficiently through the cytoplasm. The calcium-binding protein calmodulin (CaM) was
proposed as a K-Ras trafficking chaperone. However, CaM has many different functions inside the
cell. Centrin proteins are highly related to calmodulin, and we find that they also bind to K-Ras.
Unexpectedly, this interaction depends on the activation state and the effector binding site of K-Ras,
not on the farnesyl-anchor. Overall, CaM and centrin1 appear to enable only a fraction of K-Ras
membrane anchorage. Given that CaM inhibitors also affect the K-Ras/centrin1 interaction and the
very similar distribution of centrin1 and CaM throughout the cell cycle, the dependence of K-Ras on
either protein may be difficult to determine.

Abstract: Recent data suggest that K-Ras4B (hereafter K-Ras) can drive cancer cell stemness via
calmodulin (CaM)-dependent, non-canonical Wnt-signalling. Here we examined whether another
Ca2+-binding protein, the CaM-related centrin1, binds to K-Ras and could mediate some K-Ras
functions that were previously ascribed to CaM. While CaM and centrin1 appear to distinguish
between peptides that were derived from their classical targets, they both bind to K-Ras in cells.
Cellular BRET- and immunoprecipitation data suggest that CaM engages more with K-Ras than
centrin1 and that the interaction with the C-terminal membrane anchor of K-Ras is sufficient for this.
Surprisingly, binding of neither K-Ras nor its membrane anchor alone to CaM or centrin1 is sensitive
to inhibition of prenylation. In support of an involvement of the G-domain of K-Ras in cellular
complexes with these Ca2+-binding proteins, we find that oncogenic K-RasG12V displays increased
engagement with both CaM and centrin1. This is abrogated by addition of the D38A effector-site
mutation, suggesting that K-RasG12V is held together with CaM or centrin1 in complexes with
effectors. When treated with CaM inhibitors, the BRET-interaction of K-RasG12V with centrin1 was
also disrupted in the low micromolar range, comparable to that with CaM. While CaM predominates
in regulating functional membrane anchorage of K-Ras, it has a very similar co-distribution with
centrin1 on mitotic organelles. Given these results, a significant overlap of the CaM- and centrin1-
dependent functions of K-Ras is suggested.

Keywords: K-Ras; centrin; calmodulin; mitosis; centrosome; BRET

1. Introduction

KRAS is the most frequently mutated oncogene and in addition mutated in congenital
disorders, called RASopathies [1,2]. It is not fully understood why KRAS is more frequently
mutated in cancer than the other RAS genes, NRAS and HRAS. Several facets of Ras biology
may contribute to the higher exploitation of KRAS, such as its higher expression level, its
specific intracellular trafficking and distribution, or its distinct nanoscale organization in the
plasma membrane that imposes differential effector usage [3–5]. Another less characterized
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difference is the ability of Ras proteins to drive stemness properties in cells [6,7]. Notably,
the most common KRAS splice variant, K-Ras4B (hereafter K-Ras), but not H-Ras, mediates
stemness properties via calmodulin (CaM)-dependent non-canonical Wnt-signalling [6].
In line with this, CaM inhibitors block the stemness properties of K-RAS-mutant cancer
cells [8,9]. However, the exact mechanism of how CaM mediates K-Ras-driven stemness is
not resolved.

Previous cellular data showed that K-Ras/CaM complexes are disrupted by phos-
phomimetic mutations of Ser181 at the C-terminus of K-Ras. Conversely, CaM binding
blocked phosphorylation at that site [10]. Intriguingly, the phosphomimetic mutation of
K-RasG12V on Ser181 reduces its ability to drive stemness [6]. Mutations at this site also
modulate the interaction with another trafficking chaperone PDE6D [11], which traffics
several prenylated proteins to stemness mediating organelles [12]. Hence, CaM may not be
alone in mediating the K-Ras-stemness activity.

CaM possesses two Ca2+-binding lobes, which can each encase 15–20 residue long
peptide stretches of classical target proteins in their hydrophobic surfaces [13]. Classical
target peptides are typically helical, positively charged, and contain hydrophobic anchor
residues. Very similar biochemical characteristics are found in singly lipidated, polybasic
termini of prenylated or myristoylated proteins, which have emerged as non-canonical
targets of CaM [14]. CaM facilitates the Ca2+-dependent cytoplasmic solubilization of K-Ras
by sequestering its farnesyl-tail from the aqueous environment [15]. This contrasts to the
GTP-Arl2/3 triggered release of PDE6D cargo [16]. PDE6D and CaM share the preference
for K-Ras amongst the Ras isoforms as palmitoylation obstructs access to the hydropho-
bic pockets, making K-Ras4A, N-Ras, and H-Ras clients only in their non-palmitoylated
states [17,18]. Both trafficking chaperones are found in the cyto- and nucleoplasm and on
centriolar structures, such as the primary cilium and the centrosomes [16,19,20]. Hence,
it is plausible to assume that these two chaperones have overlapping, yet distinct roles in
coordinating trafficking of prenylated proteins spatio-temporally.

In cell lysates, CaM engages more with GTP-loaded K-Ras than with its inactive
counterpart [17,21]. Furthermore, complexes between K-Ras, CaM, and PI3K p110 subunits
have been proposed as being relevant for Akt activation during platelet-derived growth
factor receptor (PDGFR)-mediated cell migration [22,23]. The fact that the activation
state of Ras matters for its interaction with CaM contrasts with in vitro and structural
data. Only weak transient contacts of CaM with non-farnesylated K-Ras were observed in
NMR-experiments, while the farnesylated poly-lysine stretch of K-Ras comprising residues
180–185 was sufficient for CaM binding [15,24]. In vitro data further suggest that the
polybasic and farnesylated C-terminus of K-Ras binds to either of the Ca2+-bound lobes of
CaM, but without involvement of the G-domain [25]. Thus, it appears that the farnesylated
C-terminus of K-Ras is sufficient for micromolar binding to CaM. However, in cells, there
may be CaM/ K-Ras complexes that depend on the activation state of K-Ras.

Inhibitors of CaM alter its conformation, thus preventing binding of canonical target
peptides and non-canonical targets [9,13,26,27]. The covalent CaM inhibitor ophiobolin
A disrupts binding of K-Ras to CaM and K-Ras membrane anchorage by irreversibly
modifying Lys75, 77, and 148 of CaM [8,9,28]. We recently developed an alternative, less
toxic covalent inhibitor of CaM, called Calmirasone1, which is much more suitable for cell
biological applications [9].

Centrin (or caltractin) proteins are highly related to CaM with the same bi-lobal
structure, however, only the C-terminal lobe binds and senses Ca2+ with high affinity [29].
This leaves the centrin-specific N-terminus free for mediating self-assembled extended
structures of centrins, which are Ca2+-dependent due to allosteric coupling with the C-
terminus [30]. In humans, three centrin paralogs (centrin1-3, CETN1-3) are known [31].
While centrin2 and centrin3 are ubiquitously expressed, centrin1 expression is limited
to male germ cells, neurons, and ciliated cells [32]. Centrin2 is probably best known for
binding and stabilizing XPC (xeroderma pigmentosum group C), which is involved in
DNA repair [33]. In addition, centrins have been implicated in nuclear pore functions and
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proteasomal activities [32]. Like CaM, centrins appear to recognize a hydrophobic motif of
15–20 residues in such classical target proteins [34].

The activity of centrins can be regulated by several phosphorylation and SUMOy-
lation events [34]. Nuclear localization of centrin2 is enhanced by its SUMOylation [35].
Phosphorylation of T118 in the third EF-hand of the centrin2 C-terminal lobe is required
for Ca2+-binding and its centrosomal localisation [32]. Centrins localise to distal and inter-
mediate regions preferentially from the mother centrioles and are part of a set of 14 ancient
and highly conserved centriolar proteins [36,37]. Hence, loss of centrins broadly affects
centriolar functions, including organisation of the microtubule network or overall biogen-
esis of centrioles [32]. Based on the essential roles of centrins in uni-cellular organisms
that depend on cilia formation, it is plausible to assume that an important role also exists
for centrins in vertebrate/mammalian ciliogenesis [32]. In line with this, ciliogenesis is
reduced upon depletion of centrin2 in hTERT-RPE1 cells [38].

Given the highly similar bi-lobal structure with hydrophobic binding pockets, we
hypothesized that centrins also bind to non-classical targets of CaM, such as K-Ras. Here
we show that K-Ras binds to centrin1 in cells in a similar manner to CaM. Our results
suggest that binding of K-Ras to these Ca2+-binding proteins in cells is largely independent
of the prenylation of K-Ras and involves the G-domain. Given that CaM inhibitors also
affect the K-Ras/centrin1 interaction and the very similar distribution of centrin1 and
CaM throughout the cell cycle, the dependence of K-Ras on either protein may be difficult
to determine.

2. Experimental Procedures

2.1. Plasmids, siRNAs and Inhibitors

All construct names contain the tag at a position corresponding to its location in the
protein sequence, e.g., GFP2-CaM, contains the GFP2-tag at the N-terminus of CaM. All
plasmids employed in the study were produced by multi-site gateway cloning [39]. The
human CaM (CALM1) entry clone with L1–L2 recombination sites was obtained from
the NCI RAS Initiative. The K-Ras4b entry clone was from RAS mutant clone collection
(Kit #1000000089) procured from Addgene (Watertown, MA, USA). Custom-synthesised
entry clones encoding human centrin1 (CETN1) or the CTK fragment with L1–L2 recom-
bination sites in pDONR221 vector were commercially obtained from Genecust, Boynes,
France. An LR recombination reaction comprising three entry clones encoding the CMV
promoter, a tag (Rluc8 or GFP2) and the protein of interest (CTK, K-Ras wt, CaM and
centrin1); a destination vector, pDest-305 vector, was performed to obtain the recombinant
plasmids. In a single-site LR recombination reaction, CaM or centrin1 entry clones were
combined with the destination vector, pDest-527, to produce bacterial expression plasmids
encoding N-terminally His6-tagged CaM and centrin1. The positive clones were selected
using ampicillin in E. coli DH10B. The pmCherry-CaM, pEGFP-centrin1 plasmids and
plasmids encoding N-terminal Rluc8 or GFP2-tagged K-RasG12V and H-RasG12V were
previously described [9,26]. siRNA for CALM1 (Hs_CALM1_6, SI02224222), and FNTA
(Hs_FNTA_6, SI02661995) were obtained from Qiagen (Venlo, The Netherlands). The
siRNA for CETN1 (ON-TARGETplus SMARTpool siRNA, L-011831-00-0005) and nega-
tive control siRNA (ON-TARGETplus Non-targeting pool, D-001810-10-05) were obtained
from Dharmacon (Cambridge, UK). Mevastatin (J61357, Alfa Aesar, Leuven, Belgium),
calmidazolium chloride (sc-201494, Santa Cruz, Heidelberg, Germany), and ophiobolin
A (sc-202266, Santa Cruz, Heidelberg, Germany) were commercially acquired from the
sources given in parenthesis. Calmirasone1 was synthesized as previously described
by us [9].

2.2. Protein Sequence Analyses

The protein sequences encoded by CALM1-3 and CETN1-3 genes were collected from
the uniprot database (http://unirprot.org/; last accessed 2 April 2023) and a multiple
sequence alignment was performed using Clustal Omega (https://www.ebi.ac.uk/Tools/
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msa/clustalo/; last accessed 2 April 2023). For paralog number analysis, the protein
coding genes of calmodulin and centrin were searched for each species in the NCBI protein
database (https://www.ncbi.nlm.nih.gov/; last accessed 2 April 2023). The CALM1 or
CETN1 genes were given as search query and orthologs were identified from the annotation
pipeline. A process flow was then generated using RefSeq to identify a set of comparable
proteins including orthologs and similar proteins. Note that only protein encoding genes
were considered and pseudogenes were discarded.

2.3. Protein Purification

The His6-tagged human CaM and centrin1 proteins were purified as described previ-
ously [9]. Briefly, the pDest527-His6-CaM or pDest527-His6-centrin1 plasmid transformed
E. coli BL21 (DE3) cells were grown in LB medium supplemented with 100 μg/mL of
ampicillin. At 0.4–0.6 OD, 0.5 mM IPTG was used to induce the culture with subsequent
overnight incubation at 25 ◦C with shaking. After centrifugation of the culture, its pellet
was suspended in a lysis buffer composed of 20 mM HEPES, pH 7.6, 150 mM NaCl, 5 mM
MgCl2, 0.5 mg/mL lysozyme, and 700 units DNase I. For the pellet from 1 l of cell culture
20 mL of lysis buffer was used. After cell lysis by sonication, the His-tagged proteins were
purified using HisTrapTM HP Prepacked Columns (GE Healthcare, Leuven, Belgium) on
the ÄKTAprime plus chromatography system (GE Healthcare). A buffer composed of
50 mM Tris HCl, pH 7.5, 150 mM NaCl, and 35 mM imidazole was used to equilibrate
the column, and His-tagged proteins were eluted using 250 mM imidazole elution buffer.
Afterwards, the eluted fractions were dialyzed for 16 h at 4 ◦C in dialysis buffer (50 mM Tris
HCl, pH 7.5, 150 mM NaCl, and 2 mM CaCl2). Using a NanoDrop 2000c Spectrophotometer
(Thermo Fisher Scientific, Merelbeke, Belgium), the protein concentration was determined
by absorbance.

2.4. Fluorescence Polarisation Binding Assay

Fluorescence polarisation assays were performed as established previously by us [9,26].
The fluorescein-labelled PMCA- and CaMKII-peptides were custom synthesized by Gen-
script (Piscataway, NJ, USA) and Pepmic (Suzhou, China), respectively. The PMCA peptide
was derived from 1086-LRRGQ-ILWFR-GLNRI-QTQIK-1105 of human PMCA and fluores-
cein was attached to the C-terminal native Lys. The CaMKII peptide sequence was derived
from 294-NARRK-LKGAI-LTTML-ATRN-312 of human CaMKII and fluorescein was at-
tached to a non-native cysteine added to the N-terminus. The N-terminal His6-tagged
CaM or centrin1 proteins were 2-fold diluted in a buffer composed of 20 mM Tris Cl pH
7.5, 50 mM NaCl, 1 mM CaCl2 and 0.005% v/v Tween 20 in a black, low volume, round
bottom 384-well plate (cat. no. 4514, Corning, Amsterdam, The Netherlands). Then, 10 nM
of fluorescein-labelled peptide was added to the protein dilution series. The reaction mix
was incubated for 20 min at RT before anisotropy measurements.

The Sfi1 peptide was derived from 670-REVAA-RESQH-NRQLL-RGALR-RWK-692
of human Sfi1 and the fluorescein was attached to the native C-terminal Lys. Sfi1 peptide
titration was performed in a buffer composed of 10 mM HEPES pH 7.4, 100 mM CaCl2,
and 0.005% v/v Tween 20. For binding, to a 2-fold dilution series of centrin1, 100 nM of Sfi1
peptide was added, and the reaction mix was incubated for 45 min at RT before anisotropy
measurements. For measuring the IC50 of inhibitors to centrin1, to the 3-fold dilution series
of inhibitors in the assay buffer, a complex of 100 nM fluorescein labelled Sfi1 peptide and
250 nM His-centrin1 was added in 20 μL volume in a 384-well plate. The fluorescence
anisotropy was measured after overnight incubation at RT.

The fluorescence anisotropy was measured on a Clariostar (BMG Labtech, Orten-
berg, Germany) plate reader using the fluorescence intensity signal recorded from ver-
tical (Iv)- and horizontal (Ih)-polarised light using a fluorescence polarisation module
(λexcitation 482 ± 8 nm and λemission 530 ± 20 nm). Fluorescence anisotropy was calcu-
lated from the measured fluorescence intensities according to r = Iv−G(λ)Ih

Iv+2G(λ)Ih
, where r is

the fluorescence anisotropy value and Iv and Ih are the fluorescence emission intensities
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detected with vertical and horizontal polarisation, respectively. The instrument specific
correction factor G(λ) was set to 1 and not determined further. A quadratic equation
as described [40,41] by others was defined in Prism (GraphPad, version 9.5.1, La Jolla,
CA, USA) and was used to determine the KD value of the fluorescein tagged peptides to
target protein.

y =
A f + (Ab − A f ) ∗ (Lt + KD + x −

√
(Lt + KD + x)2 − 4 ∗ Lt ∗ x

2Lt

Here, Af is the anisotropy value of the free fluorescent probe, Ab is the anisotropy value
of the fluorescent probe/protein complex, Lt is the total concentration of the fluorescent
probe, KD is the equilibrium dissociation constant, x is total concentration of protein, and y
is measured anisotropy value. KD is measured in the same unit of x. Note that variations in
the active fraction of the home-made proteins and different methods used to determine the
protein concentrations of the obtained KD values can vary from those reported.

The IC50 value of inhibitors was determined by plotting the log concentration of
inhibitor against fluorescence anisotropy values and fitting the data to log inhibitor vs.
response—variable slope (four parameters) equation in Prism (GraphPad). The IC50 of the
inhibitor was converted into Kd as described earlier using the equation [42],

Kd =
[I]50

1 + [P]50
KD,probe

+
[E]0

KD,probe

where [I]50 = IC50 − [EI]50, in which [EI]50 is the concentration of the centrin1:inhibitor
complex at 50% displacement, [I]50 is the free inhibitor concentration at 50% displacement,
[P]50 is the concentration of the free probe, F-Sfi1 at 50% displacement, [E]0 is concentration
of free centrin1 at 0% displacement, and KD,probe is the dissociation constant of the complex
of centrin1 and Sfi1.

2.5. Co-Immunoprecipitation Experiments

About 800,000 HEK293-ebna cells were seeded in 60 mm dishes and cultured in
Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 10% v/v Foetal Bovine
Serum (FBS), 2 mM L-glutamine (cat. no. 25030-024, Gibco, Thermo Fisher Scientific),
and 1% v/v penicillin/ streptomycin (cat. no. 15140122, Gibco, Thermo Fisher Scientific)
overnight. The next day, cells were transiently transfected with 4 μg plasmids encoding the
indicated combinations of constructs using jetPRIME (cat. no. 114-75, Polyplus, Leuven,
Belgium) according to the manufacturer’s instructions. At 48 h post-transfection, the cells
were lysed using 200 μL of Lysis buffer (10 mM Tris Cl pH 7.5, 150 mM NaCl, 2 mM
CaCl2, 0.2% v/v NP40) supplemented with protease inhibitor cocktail (cat. no. A32955,
Pierce, Thermo Fisher Scientific). After 30 min incubation on ice, the lysate was cleared
by centrifugation for 10 min at 4 ◦C and 17,000× g. The cleared lysate was transferred
to a clean tube and 15 μL sample was withdrawn (as “Input” for Western blot analysis).
The lysate was diluted with 300 μL of dilution buffer (10 mM Tris Cl pH 7.5, 150 mM
NaCl, 2 mM CaCl2) supplemented with protease inhibitor cocktail. Then 25 μL of GFP-trap
Beads Slurry (ChromoTek GFP-Trap Agarose, cat. no. gta, Proteintech Europe, Manchester,
UK) were added to the diluted lysate and rotated end-over-end for 1 h at 4 ◦C. Then,
the beads were washed 3 times with Wash buffer (10 mM Tris Cl pH 7.5, 150 mM NaCl,
2 mM CaCl2, 0.02% v/v NP40). Bound proteins were eluted by the addition of 2 × Laemlli
buffer and boiling for 10 min at 95 ◦C. The eluted proteins were subsequently analysed
by SDS-PAGE on 10% acrylamide gels. Using the Trans-Blot Turbo Transfer system (Bio-
Rad, Temse, Belgium), proteins were transferred onto a 0.2 μm nitrocellulose membrane
(Bio-Rad) and incubated with a primary antibody. The following primary antibodies were
used: anti-GFP (SAB4301138, Sigma-Aldrich, Overijse, Belgium, at dilution ratio 1:5000),
anti-Renilla Luciferase (ab187338, Abcam, Cambridge, UK, at dilution ratio 1:3000), and
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anti β-actin (A5441, Sigma-Aldrich, Overijse, Belgium, at dilution ratio 1:5000). Anti-rabbit
IRDye 680RD or anti-mouse IRDye 800CW secondary antibodies (LI-COR Biosciences, Bad
Homburg vor der Höhe, Germany) were used to visualise the proteins on an Odyssey CLx
system (LI-COR). The relative expression level of proteins was densitometrically quantified
from images of membranes analysed using Image Studio software (LI-COR, version 5.2).
For the quantitative analysis of the pull-down proteins, the signal of the Rluc8-tagged prey
proteins was normalized with the signal from the GFP-tagged bait protein. Next, the signal
intensity of the GFP2-K-RasG12V + Rluc8-CaM transfected sample was used to normalize
the other samples.

2.6. BRET Donor Saturation Titration Assays

The detailed method of our BRET assay can be found in [9,43]. Briefly, ~200,000
HEK293-ebna cells were seeded per well of a 12-well plate (cat. no. 665180, Greiner Bio-
One, Vivoorde, Belgium) and grown in 1 mL of complete DMEM. The next day, ~1 μg
of BRET sensor plasmids was transfected using 2.5 μL of jetPRIME. The concentration of
donor plasmid was 25 ng, and that of the acceptor plasmid had increased from 25 ng to
1000 ng for titration curves. Cells were treated with inhibitors or vehicle control (DMSO at
0.2% v/v) 24 h after transfection. Cells were collected the following day in PBS and plated
in white, flat bottom 96-well plates (cat. no. 236108, Nunc, Thermo Fisher Scientific). BRET
measurements were performed on a Clariostar plate reader (BMG Labtech). Three channels
were read. The first channel was First, GFP2-fluorescence (λexcitation 405 ± 10 nm and
λemission 515 ± 10 nm), which is directly proportional to the acceptor concentration (RFU).
Second, the channel was read after adding coelenterazine 400a (cat. no. C-320, GoldBio,
Saint Louis, MO, USA; at 10 μM final concentration) BRET-channel (515 ± 15 nm) readings
in well-mode, and then again (third) with the luminescence channel (410 ± 40 nm), and
recordings were made. Signals corresponded to the BRET signal and donor (RLU) signals.
The ratio of BRET signal/RLU gave the raw BRET ratio. The final BRET ratio (BRET in
plots) was obtained by subtracting the raw BRET ratio from the background raw BRET
ratio of cells expressing only the donor. The relative expression is calculated as the ratio
of RFU/RLU and denoted as [Acceptor]/[Donor]. The BRET ratio vs [Acceptor]/[Donor]
ratio data from biological repeats (typically three) were plotted together, and the data
were fitted by a hyperbolic equation in Prism. The BRETtop value represents the top
asymptote of the BRET ratio reached within the defined [Acceptor]/[Donor] ratio. The one
phase association equation of Prism 9 (GraphPad) was used to predict the top asymptote
Ymax-value, which was taken as the BRETtop. Statistical analysis between the BRETtop
values was performed using the Extra sum-of-squares F test.

2.7. Dose Response Analysis of Inhibitors and siRNA Knockdown in BRET Assays

For dose response analysis of inhibitors, on day one, ~200,000 HEK293-ebna cells
were seeded per well of a 12-well plate (cat. No. 665180, Greiner Bio-One, Vivoorde,
Belgium) and grown in complete DMEM. On day two, ~1 μg of BRET sensor plasmids were
transfected at the indicated donor/acceptor plasmid ratio using jetPRIME, as mentioned in
the corresponding figure legends. On day three, the medium was exchanged with fresh
medium containing various doses of inhibitors. After 24 h incubation, on day four, the cells
were collected in PBS, and the BRET assay was performed. The log inhibitor vs BRET ratio
was plotted, and the data were fitted by a log (inhibitor) vs. response variable slope (four
parameters) equation of Prism, and the IC50 values were calculated.

For studying the effect of siRNA-mediated knockdown, on day one, the HEK293-ebna
cells were seeded in 12-well plates in 1 mL of growth medium. On day two, cells were
transfected using 3.5 μL Lipofectamine RNAiMAX (cat. no. 13778, Thermo Fisher Scien-
tific) and Opti-MEM medium (cat. no. 31985062, Gibco, Thermo Fisher Scientific) as the
vehicle with 100 nM of siRNA per well. On the next day, the medium was exchanged,
and the cells were transfected with ~1 μg of BRET sensor plasmids using 3 μL jetPRIME
reagent and expressed for 48 h. The transfected donor/acceptor plasmid ratio is indi-

6



Cancers 2023, 15, 3087

cated in corresponding figure legends. On day five, the BRET assay was performed as
indicated above.

2.8. siRNA-Mediated Knockdown and Western Blotting

About 300,000 HEK293-ebna cells were seeded per well of a 6-well plate (cat. no.
657160, Cellstar, Greiner Bio-One) and grown in 2 mL of complete DMEM for 24 h. The
next day, cells were transfected with 100 nM of siRNA using Lipofectamine RNAiMAX,
followed by a medium exchange after 4 h. After 48 h, cells were lysed in RIPA buffer
(10 mM Tris, 150 mM NaCl, 0.5 mM EDTA, 0.2% v/v NP40) supplemented with protease
inhibitor cocktail (cat. no. A32955, Pierce, Thermo Fisher Scientific). The protein amount
in cell lysates were quantified using Bio-Rad protein assay kit (cat. no. 5000006). Cell
lysate containing 50 μg of protein per lane was resolved in Mini-PROTEAN precast 4–20%
acrylamide gels. Proteins were subsequently transferred onto a nitrocellulose membrane
0.2 μm (Bio-Rad) using the Trans-Blot Turbo Transfer system (Bio-Rad) and probed with
the mix of primary antibodies against the protein of interest and the loading control. The
primary antibodies employed were anti-FNTA (cat. no. ab109738-1001, Abcam, at 1:1000),
anti-centrin1 (cat. no. 12794-1-AP, Proteintech, Manchester, UK, at dilution ratio 1:500)
and anti-GAPDH (cat. no. G8796 mouse and G9545 rabbit, Sigma-Aldrich, at 1:10,000).
Anti-mouse or anti-rabbit IRDye 800CW or 680RD secondary antibodies (LI-COR) were
used subsequently to develop the membrane, and the proteins were detected using an
Odyssey CLx system (LI-COR).

2.9. Three-Dimensional Spheroid Assay

MDA-MB-231 and MCF-7 cells were seeded in 12-well plates (cat. No. 665180, Greiner
Bio-One) and transfected with either 100 nM negative control siRNA or siRNA targeting
CALM1 or CETN1 using Lipofectamine RNAiMAX. A day later, cells were harvested
and plated into low-attachment, suspension cell culture 96-well plates (cat. no. 655185,
Cellstar, Greiner Bio-One) for 3D spheroid suspension culture. About 1000 MDA-MB-231 or
2500 MCF-7 cell were seeded per well of the 96-well plate in 50 μL of RPMI medium (cat.
no. 52400-025, Gibco, Thermo Fisher Scientific) or DMEM, respectively, containing 0.5%
v/v MethoCult (cat. no. SFH4636, Stemcell technologies, Grenoble, France), 1x B27 (cat. no.
17504044, Gibco, Thermo Fisher Scientific), 25 ng/mL EGF (cat. no. E9644, Sigma-Aldrich),
and 25 ng/mL FGF (cat. no. RP-8628, Thermo Fisher Scientific). Cells were incubated
in a cell culture incubator for 6 days, and fresh growth medium was supplemented on
the third day. After six days of incubation, the alamarBlue reagent (cat. No. DAL1025,
Invitrogen, Thermo Fisher Scientific) was added to each well (10% final volume) for 4 h at
37 ◦C. Using a Clariostar plate reader, the fluorescence signal (λexcitation 560 ± 5 nm and
λemission 590 ± 5 nm) was recorded. Fluorescence signals were normalized to negative
control siRNA, which was set to 100% sphere formation.

2.10. Confocal Microscopy

HeLa cells were seeded on glass coverslips 1.5H (cat. no. LH22.1, Carl Roth, Karlsruhe,
Germany) in 6-well plates (cat. no. 657160, Cellstar, Greiner Bio-One) and grown in
complete DMEM for 24 h. The next day, the cells were transiently co-transfected with
pmCherry-CaM and pmGFP-K-RasG12V using jetPRIME. At 48 h after transfection, cells
were fixed using 4% v/v formaldehyde (cat. no. 43368, Alfa Aesar) in PBS for 10 min at
room temperature. The fixation solution was then replaced with PBS-Tween 0.05% v/v
(cat. no. 9127.1, CarlRoth). After permeabilization in PBS-Triton X100 0.5% v/v (cat. no.
T8787, Merck, Overijse, Belgium) for 10 min and blocking for 30 min in 2% v/v solution
of BSA (A6588, Applichem, Darmstadt, Belgium) in PBS, the cells were incubated for
1 h at room temperature with primary antibody against centrin1 (rabbit polyclonal, cat
no.12794-1-AP, Proteintech). After washing with PBS-Tween 0.05% v/v, the secondary
antibody AlexaFluor 667 goat anti-rabbit (cat no. A21244, Life Technologies, Thermo Fisher
Scientific) was applied for 1 h at room temperature. A 1 mg/mL solution of DAPI (cat.
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no. D1306, Thermo Fisher Scientific) in PBS for 10 min was used for DNA-staining. Using
Vectashield (cat. no. H-1000, Vector Laboratories, Brussels, Belgium) coverslips were
mounted onto glass slides. Images were captured on a spinning disk confocal microscope
(Andor, Oxford Instruments, Belfast, UK) fitted with a Zyla 5.5 sCMOS camera (Andor,
Oxford Instruments) and using a plan APO 60×/1.40 Ph3 DM oil immersion objective
(Nikon, Brussels, Belgium) and NIS-Elements Imaging Software (Nikon, Version 5.42.02).

2.11. Data and Statistical Analysis

Prism 9 (GraphPad) was used for the preparation of plots, data, and statistical analysis.
The number of independent biological repeats (n) and the type of statistical analysis used are
indicated in the corresponding figure legends. A p-value < 0.05 is considered statistically
significant, and the statistical significance levels are annotated as follows: * p < 0.05;
** p < 0.01; *** p < 0.001; **** p < 0.0001, or ns = not significant.

3. Results and Discussion

3.1. Binding Studies Support Specific Canonical Target Peptides for CaM or Centrin1

Calmodulin (CaM) and centrin proteins are highly related, both at the sequence
level (Figure 1A) with 54% sequence identity between CaM and centrin1, and structurally
(Figure 1B), with the most obvious difference being the N-terminal extension of centrins.
While three CaM genes encode proteins with the exact same sequence, the three centrin
paralogs are more divergent. Centrin1 and −2 are ~84% identical in sequence, while
centrin3 differs significantly from centrin1 with only 58% sequence similarity. In several
vertebrates, at least two paralog genes from each family of Ca2+-binding proteins are found,
supporting their cell biological significance (Figure 1C).

Current evidence suggests that both CaM and centrins have distinct target protein
selectivities [34]. We therefore examined whether centrin1 could also bind to classical CaM
target proteins, such as the plasma membrane calcium transporting ATPase isoform 4b
(PMCA) and CaM-dependent kinase II (CaMKII). PMCA removes intracellular calcium and,
a 20-residue stretch mediates its regulation by CaM to which it binds with low nanomolar
affinity [44]. An even higher picomolar affinity has been reported for the 19-residues
of CaMKII [45].

We employed fluorescence polarization experiments to measure the binding of
fluorescein-labelled peptides of these target proteins, F-PMCA and F-CaMKII, to His-
tagged CaM and centrin1, respectively. Similar to previous observations with bovine
CaM [26], we found that both peptides bound to human CaM with low nanomolar affinity
(F-PMCA, KD = 36 ± 5 nM; F-CaMKII, KD = 6.6 ± 0.2 nM) (Figure 1D). By contrast, no
binding of either peptide to human centrin1 was observed, even at 2 μM centrin1 con-
centration (Figure 1E). However, when testing a fluorescently labelled 18-residue long
centrin1-specific target peptide, F-Sfi1, derived from the mitotic spindle regulator Sfi1,
we observed a nanomolar affinity (KD = 30 ± 12 nM) (Figure 1F), which was higher than
the reported micromolar affinity [46]. This deviation could be partially explained by the
applied methods, as in the latter case, isothermal titration calorimetry was used.

Overall, these results suggest that the sequence divergence between CaM and centrin1
is sufficient to define specific binding to their classical targets that contain a distinct peptide
recognition sequence.

3.2. Cellular BRET Data Suggest That the K-Ras G-Domain Participates in Complexes with Either
CaM or Centrin1

Given the high sequence similarity between CaM and centrin1 (Figure 1A), we in-
vestigated whether farnesylated K-Ras could bind to centrin1 as a non-canonical target.
Centrin1 was chosen due to its expression in ciliated cells, notably stem cells [32,47]. We
therefore established a cellular Bioluminescence Resonance Energy Transfer (BRET)-assay
to test binding of wild-type K-Ras or oncogenic K-RasG12V to centrin1 as compared
to CaM.
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We genetically fused the donor emission enabling Renilla Luciferase-derivative Rluc8
to the N-terminus of the K-Ras protein and the acceptor GFP2 to the N-terminus of centrin1
or CaM. If donor- and acceptor-tagged proteins interact, the BRET signal increases with
increasing acceptor-to-donor ratio and may reach a saturation value. Commonly, the BRET-
max value describes an absolute saturation value [48], which is typically not reached in
most BRET titration experiments, and is therefore associated with significant extrapolation.

We here introduce the BRETtop value that characterizes the highest BRET value
reached within a defined acceptor-to-donor ratio titration range. By keeping the titration
range constant, we can compare different BRETtop values with each other. As with
FRET, the BRET-values depend on the distance between the luminophores in the complex
of interacting proteins. Therefore, only if the binding modes, i.e., the structure of the
complexes are comparable, such as can be reasonably assumed for point mutants or
paralogs of a protein, higher BRETtop values indicate a higher interaction probability and
strength of examined BRET-pairs in cells. Like BRETmax, BRETtop would then correlate
with the relative number of binding-sites and the relative affinities.

Figure 1. Despite its high similarity to CaM, centrin1 does not recognize CaM-target peptides.
(A) Multiple sequence alignment of human CaM (CALM1-3) and centrin (CETN1-3) protein paralogs,
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designated by the encoding gene names. The Ca2+-binding residues are highlighted in cyan. Lysines
75, 77, and 148 of CaM, which become covalently modified by CaM inhibitor ophiobolin A, are
highlighted in yellow. The same highlight was used for lysine residues at similar positions in centrin1
and centrin2, while no such lysine residues could be identified for centrin3. Note that the CaM
protein numbering starts at Ala, as the N-terminal, and native Met is removed in most organisms [49].
(B) Structures of human CaM (PDB ID 1CLL) and human centrin1 (PDB ID 2GGM). Calcium ions are
marked as green spheres. Structures were generated using the PyMOL Molecular Graphics System,
Version 2.4.0, Schrödinger, LLC. (C) Analysis of the number of paralog coding genes of CALM1-3 and
CETN1-3 in different species. Data were curated from the NCBI protein database. (D–F) Binding of
10 nM fluorescein-labelled F-CaMKII and F-PMCA (D,E) or 100 nM F-Sfi1 (F) peptides to His-tagged
human CaM or centrin1 was detected using fluorescence anisotropy measurements. * p < 0.05;
** p < 0.01; *** p < 0.001; **** p < 0.0001.

We previously observed a higher interaction BRET-signal of oncogenic K-Ras as
compared to its wild-type (wt) counterpart with CaM [9]. In line with these data, both CaM
and centrin1 were significantly more co-immunoprecipitated with oncogenic GFP2-tagged
K-RasG12V than with wt K-Ras (Figure 2A,B; Figure S1).

Consistent with our previous BRET-data, we also found that K-RasG12V had a sig-
nificantly higher BRETtop with CaM than wt K-Ras (Figure 2C). Similarly, the BRETtop
of K-RasG12V with centrin1 was significantly higher than that of wt K-Ras with centrin1
(Figure 2D). As expected, a control BRET-pair showed significantly lower BRET-values than
the weakest BRET-interaction pair studied (Figure S2). The higher BRET of K-RasG12V
with the Ca2+-binding proteins was surprising given the afore-mentioned in vitro binding
data [15,25]. Ras binding to some effectors can be reduced by the D38A-mutation, which
abolishes major contacts preserved in several effector complexes [50,51]. Addition of the
D38A mutation reduced the BRET to the level of wt K-Ras for both CaM and centrin1
(Figure 2C,D). This may suggest a dependence on some effectors or other effector lobe
binders; however, more comprehensive studies are required to demonstrate this.

Figure 2. The interaction of CaM or centrin is increased with oncogenic K-Ras. (A) Co-immunoprecipitation
of Rluc8-CaM or Rluc8-centrin1 with GFP2-K-RasG12V or GFP2-K-Ras wt. Pull-down was performed
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using lysates of HEK293-ebna cells transfected with combinations of GFP2-K-RasG12V/Rluc8-
CaM, GFP2-K-RasG12V/Rluc8-centrin1, GFP2-K-Ras/Rluc8-CaM, GFP2-K-Ras/Rluc8-centrin1 and
GFP2/Rluc8 and expressed for 48 h. The GFP2-tagged protein was bound using GFP-trap beads,
and the samples were analysed using anti-Rluc8 and anti-GFP antibodies. See Figure S1 for the
original images of Western blots. (B) Immunoprecipitated Rluc8-tagged protein signals were nor-
malized to GFP-tagged protein signals. The signal intensity of the GFP2-K-RasG12V/Rluc8-CaM
transfected sample was set to 1 in each experiment and was used to normalize the other samples.
The plot shows mean ± SEM and the statistical analysis was performed using one-way ANOVA test.
(C,D) Interaction of Rluc8-K-Ras wt, Rluc8-K-RasG12V, and Rluc8-K-RasG12V-D38A with GFP2-CaM
(C) or GFP2-centrin1 (D). All samples were treated with 0.2% v/v DMSO for 24 h, n = 3. Statistics
of BRETtop values were analysed using the F-test. BRET donor protein is boxed purple, acceptor
protein is boxed green. * p < 0.05; ** p < 0.01; **** p < 0.0001.

3.3. CaM Inhibitors Bind to Centrin

Given that centrin1 possesses lysines on positions 96, 100, 167, and 168 that are homol-
ogous to those targeted by covalent CaM inhibitors (Figure 1A), we tested whether covalent
CaM inhibitors ophiobolin A and calmirasone1 or the potent non-covalent CaM inhibitor
calmidazolium would disrupt binding of K-Ras to centrin1 in cells. Indeed, treatment with
any of these CaM inhibitors lowered the BRETtop of K-RasG12V/centrin1 (Figure 3A). The
inhibition of this interaction occurred at IC50 (calmidazolium) = 10.44 ± 0.05 μM and IC50
(calmirasone1) = 41.6 ± 0.3 μM (Figure 3B), the latter of which was comparable to what
was previously observed with CaM [9]. For centrin1, fluorescence anisotropy data revealed
that CaM inhibitors can displace fluorescently labelled Sfi1 from it, indicating their direct
binding to centrin1 (Figure 3C, Table 1).

Figure 3. The interaction of K-Ras with centrin1 is modulated by direct binding of CaM inhibitors
to centrin1. (A) HEK293-ebna cells were transfected with Rluc8-K-RasG12V/GFP2-centrin1 BRET
sensor plasmids for 24 h followed by treatment with ophiobolin A (2.5 μM), calmidazolium (10 μM),
calmirsone1 (20 μM) or equal volume of DMSO (0.2% v/v) for another 24 h, n = 3. (B) HEK293-ebna
cells were transfected with BRET sensor plasmids Rluc8-K-RasG12V/ GFP2-centrin1 at a ratio of
1/19, respectively, for 24 h followed by a 24 h treatment with 2-fold dilution series of calmidazolium
or calmirasone1 ranging from 80 μM to 0.1 μM. Data represent mean ± SEM, n = 2. BRET donor
protein is boxed purple, acceptor protein is boxed green. (C) Displacement of fluorescent F-Sfi1 from
centrin1 by CaM inhibitors. The inhibitors were 3-fold diluted in assay buffer, followed by addition
of the complex of 100 nM F-Sfi1 and 250 nM His-centrin1. The fluorescence anisotropy was measured
after overnight incubation at RT.
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Table 1. Comparison of Kd values of CaM inhibitors with centrin1 and CaM determined by fluores-
cence anisotropy measurements. The competition assay derived Kd values of inhibitors to CaM were
previously reported by us, using F-PMCA peptide as probe.

Inhibitor
Centrin1 CaM

Mean Kd (Repeat Values) Kd (References)

calmidazolium 1.6 (1.4; 1.8) μM 13.5 nM [26]

W-7 18.2 (17.8; 18.5) μM 1.47 μM [26]

ophiobolin A 49 (58; 39) μM 3.5 μM [9]

calmirasone1 0.9 (1.0; 0.8) μM 0.87 μM [9]

The sensitivity of the K-Ras/centrin1 interaction to CaM inhibitors suggests conserved
inhibitor binding sites and a similar mode of interaction between K-Ras and the Ca2+-
binding proteins. Importantly, treatment with several CaM inhibitors may therefore also
affect centrin1 biology, making it potentially difficult to interpret inhibitor-dependent
phenotypic observations.

3.4. Inhibition of Prenylation Does Not Disrupt the BRET-Interaction of K-Ras with CaM or
Centrin1 in Cells

Agamasu et al. have previously reported that the K-Ras-derived farnesylated and
carboxymethylated KSKTKC-peptide is sufficient to bind to CaM in vitro [25]. To test
whether non-prenylated K-Ras can still bind to the Ca2+-binding proteins in cells, we tested
the effects of the prenylation inhibitor mevastatin in our BRET-assays. Statins such as
mevastatin inhibit the HMG-CoA pathway, and thus, provision of prenylpyrophosphate
substrates for protein prenylation [52]. We therefore expected that treatment of cells
with high concentrations of mevastatin would abrogate farnesyl-mediated K-Ras/CaM
interaction. Surprisingly, mevastatin treatment did not significantly affect the BRET-levels
of K-Ras with either CaM or centrin1 (Figure 4A,B). The higher BRETtop of K-Ras with CaM
(Figure 4A) than with centrin1 (Figure 4B) may relate to the fact that only one Ca2+-binding
lobe is found in centrins [32], which may allow for the binding of only one K-Ras per
centrin1 protein.

We next examined whether the C-terminal membrane targeting sequence of K-Ras
alone (residues 166–188), CTK, was sufficient to mediate binding to CaM, as suggested by
in vitro data, and whether the same would apply for binding to centrin1. In agreement with
in vitro data, the BRET between CTK and CaM indicated binding; it had a lower BRETtop
than full length K-Ras (Figure 4C), but the BRET-values were still above background (Figure
S2). The CTK interaction with centrin1 was comparable to that with CaM (Figure 4C,D). As
with full-length K-Ras, mevastatin treatment did not decrease the BRET of CTK with either
of the Ca2+-binding proteins (Figure 4C,D).

This mevastatin insensitivity was overall unexpected, given the strong contribution of
the farnesyl-moiety to CaM-binding in vitro [15,24,25], but it was in line with data showing
binding of non-farnesylated K-RasG12V to CaM in vitro [53].

Taken together with the activation-state dependent complexation of K-Ras with CaM
or centrin1, this may suggest that these proteins exist in cellular complexes that are largely
prenylation independent yet involve the C-terminal poly-lysine stretch of K-Ras and
depend on the activation state of K-Ras. Alternatively, similarly sized, distinct pools
of K-Ras in complex with the Ca2+-binding proteins exist, and they require a subset of the
aforementioned features.
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Figure 4. Inhibition of prenylation by mevastatin does not disrupt BRET between K-Ras and CaM
or centrin1. (A–D) BRET-sensors Rluc8-K-Ras/GFP2-CaM (A), Rluc8-K-Ras/GFP2-centrin1 (B),
Rluc8-CTK/GFP2-CaM (C) and Rluc8-CTK/GFP2-centrin1 (D) were transfected into HEK293-ebna
cells, and cells were treated with 10 μM mevastatin or the vehicle control, DMSO 0.2% v/v for 24 h,
n = 3. Statistics of BRETtop values was analysed using the F-test. BRET donor protein is boxed
purple, acceptor protein is boxed green. ns = not significant.

3.5. Membrane Targeting and Anchorage of K-Ras Depends More on CaM Than on Centrin1

Prenyl-binding chaperone proteins can effectively facilitate diffusion of their target
proteins in cells, as they shield the hydrophobic prenyl-moiety and thus allow for a longer
residence in the aqueous cytoplasm [4]. Others suggested that CaM can extract and
solubilize K-Ras and act as a trafficking chaperone [15].

We previously showed that inhibition of CaM selectively reduces K-RasG12V- as
compared to H-RasG12V-BRET signals that originate from nanoclustering of active Ras
on the plasma membrane [9]. This nanoclustering-dependent BRET-signal is sensitive to
disruption, not only of Ras nanoclustering, but of any process upstream that interferes with
functional membrane anchorage, such as disrupted trafficking or inhibition of the Ras lipid
modification [54]. Similar to CaM inhibition, knockdown of another trafficking chaperone,
PDE6D, which also binds to prenylated proteins and facilitates K-Ras localization at the
plasma membrane, reduces K-Ras membrane anchorage associated FRET [55].

In line with the mevastatin data (Figure 4), binding of K-Ras to CaM or centrin1
was essentially insensitive to inhibition of prenylation by the knockdown of the shared
α-subunit of farnesyl- and geranylgeranyl-transferases (FNTA) (Figure 5A–C). However,
the same treatment significantly abrogated the membrane anchorage-BRET signal of both
K-RasG12V or H-RasG12V (Figure 5E,F), consistent with the significance of prenylation for
Ras membrane anchorage [56].
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Figure 5. K-Ras membrane anchorage is selectively affected by CaM-, but less so by centrin1-
depletion. (A,B) Rluc8-K-Ras was transfected with GFP2-CaM (A) or GFP2-centrin1 (B) plasmids
at a donor/acceptor plasmid ratio of 1/5 into HEK293-ebna cells. BRET donor protein is boxed
purple, acceptor protein is boxed green. Data represent mean ± SEM, n = 2 to 4. Statistical signifi-
cance between negative control siRNA and sample siRNA was analysed using Mann–Whitney test.
(C,D) HEK293-ebna cells were transfected with 100 nM of negative control siRNA or siFNTA or
siCETN1 for 48 h and cell lysates were immunoblotted as indicated. See Figures S3 and S4 for the
original images of Western blots. (E,F) HEK293-ebna cells were transfected with 100 nM siRNA for
24 h, followed by BRET sensor transfection. Rluc8-/GFP2-tagged K-RasG12V (E) or H-RasG12V (F)
nanoclustering-BRET sensor plasmids were transfected at a donor/acceptor plasmid ratio of 1/15.
BRET donor protein is boxed purple, acceptor protein is boxed green. Data represent mean ± SEM,
n = 4. Statistical significance between negative control siRNA and sample siRNA was analysed using
Mann–Whitney test. * p < 0.05; ns = not significant.

As observed previously, knockdown of CaM selectively reduced the membrane
anchorage-BRET signal of K-RasG12V (Figure 5E) but not H-RasG12V (Figure 5F). By
contrast, knockdown of centrin1 decreased the BRET-signal K-Ras-selectively and to a sig-
nificantly lesser extent than knockdown of CaM (Figure 5D–F). Immunoblotting confirmed
the significant knockdown of FNTA and centrin1 (CETN1) expression in HEK293-ebna cells
(Figure 5C,D; Figures S3 and S4), while that of CaM (CALM1) was previously validated by
us using RT-qPCR [9].

These data suggest that CaM is more important to facilitate membrane trafficking of
K-Ras in cells than centrin1.
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3.6. Centrin1 Co-Distributes with CaM during the Cell Cycle

We previously observed that CaM inhibitors decrease stemness properties of KRAS-
mutant cancer cell lines [8,9]. The clonogenic growth of cancer cell spheroids is employed
as a surrogate measure for cancer cell stemness [57]. We therefore tested the effect of
the knockdown of CaM (CALM1) and centrin1 (CETN1) on MDA-MB-231 and MCF-7
derived spheroids (Figure 6A,B). Both CALM1 and CETN1 (Figures S5 and S6) knockdown
decreased the formation of spheroids derived from these cell lines. However, the effect was
more pronounced in the KRAS-mutant MDA-MB-231 cell line (Figure 6A). Moreover, the
knockdown of CALM1 decreased spheroid growth significantly more in this cell line, which
correlated with the overall stronger effect of this knockdown treatment on K-RasG12V
membrane anchorage BRET (Figure 5E).

Figure 6. CaM and centrin1 distribute to the centrosomes, and their loss more potently affects
spheroid formation of KRAS mutant MDA-MB-231 cells. (A,B) Effect of knockdown of CaM (CALM1)
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and centrin1 (CETN1) on spheroids derived from MDA-MB-231 (A) and MCF-7 (B) cells. The
knockdown efficiency was compared to spheroids grown from negative control siRNA transfected
cells. Data represent mean ± SEM of four biological repeats. Statistical analysis was performed
using Mann–Whitney test. (C) Representative images of HeLa cells that were co-transfected with
mGFP-K-RasG12V (green) and mCherry-CaM (red). Endogenous centrin1 was immunostained
(purple), and DNA was stained using DAPI (blue). Cell-cycle stages are indicated on the left. Scale
bar is 5 μm. * p < 0.05; ** p < 0.01; **** p < 0.0001; ns = not significant.

Only limited conclusions in regard to cancer cell stemness can be derived from these
experiments, which are essentially assaying the ability of cancer cells to evade anoikis and
which bear some similarity to culture conditions employed for stem/progenitor cells.

The fate of stem and progenitor cells is decided during the cell cycle, which can proceed
to symmetric or asymmetric cell divisions [58]. Oncogenes are suggested to shift the mode
of cell division that has more symmetric divisions and produce more stem cells [59].
Stemness can be mediated by centriolar organelles, such as the centrosomes, specifically the
mother centrosome [60]. Interestingly, mCherry-tagged CaM localises during different cell
cycle phases to the centrosomes and the midbody in HeLa cells (Figure 6C), as observed
previously by others [19,27]. The same is essentially seen for endogenous centrin1, which
also localises to these structures (Figure 6C). However, during interphase, CaM has a
more pronounced cyto/nucleoplasmic distribution, while centrin1 discretely localises to
the centrosomes.

4. Conclusions

Our data show that K-Ras does not only interact with CaM, but also with the highly
related protein centrin1. While both Ca2+-binding proteins distribute to similar mitotic
structures, notably the centrosomes, CaM appears to have a stronger impact on K-Ras
functional membrane organisation at the plasma membrane. Centrin1 may instead function
to localize K-Ras to certain structures, such as the centrosomes, while it appears to have
only a minor role in K-Ras trafficking. These distinct functions of CaM and centrin proteins
are difficult to tell apart using pharmacological inhibitors against CaM, which we found
affect binding of K-Ras to centrin1 as well.

While previous in vitro data demonstrated that the farnesylated C-terminus of K-Ras
was sufficient for binding to CaM, our data here suggest that farnesylation is essentially
dispensable for most of the interaction of K-Ras with either CaM or centrin1 in cells. Given
that oncogenic K-Ras engages more with either of these proteins, we propose that most
of the K-Ras/CaM and K-Ras/centrin1 pairs are found in complexes that can recognize
the activation state of K-Ras. This recognition is typically afforded by effectors, hence it is
plausible to assume that most of the K-Ras binding to these Ca2+-binding proteins happens
in higher order complexes that contain effectors. Others have previously proposed PI3Kα-
containing complexes with K-Ras and CaM [61]. Our data encourage further investigation
of these potential complexes and their function inside cells.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/cancers15123087/s1. Figure S1: (Supporting data for Figure 2A,B).
Figure S2: (Supporting data for Figure 2C,D). Figure S3: (Supporting data for Figure 5C). Figure S4:
(Supporting data for Figure 5D). Figure S5: (Supporting data for Figure 6A). Figure S6: (Supporting
data for Figure 6B).

Author Contributions: Conceptualization, G.b.M. and D.K.A.; Methodology, G.b.M., C.L., S.B. and
N.B.F.; Software, G.b.M., C.L., S.B. and N.B.F.; Validation, G.b.M. and C.L.; Formal analysis, G.b.M.,
C.L. and S.B.; Investigation, G.b.M.; Writing—original draft, G.b.M.; Writing—review & editing,
D.K.A.; Supervision, D.K.A.; Funding acquisition, D.K.A. All authors have read and agreed to the
published version of the manuscript.

Funding: The study was supported by internal funds of the University of Luxembourg and the
Luxembourg National Research Fund (FNR) grant C19/BM/13673303-PolaRAS2 to D.K.A.

16



Cancers 2023, 15, 3087

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Any data that support the findings of this study are included within
the article and Supplementary Materials.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Prior, I.A.; Hood, F.E.; Hartley, J.L. The Frequency of Ras Mutations in Cancer. Cancer Res. 2020, 80, 2969–2974. [CrossRef]
[PubMed]

2. Castel, P.; Rauen, K.A.; McCormick, F. The duality of human oncoproteins: Drivers of cancer and congenital disorders. Nat. Rev.
Cancer 2020, 20, 383–397. [CrossRef] [PubMed]

3. Abankwa, D.; Gorfe, A.A. Mechanisms of Ras Membrane Organization and Signaling: Ras Rocks Again. Biomolecules 2020,
10, 1522. [CrossRef] [PubMed]

4. Schmick, M.; Kraemer, A.; Bastiaens, P.I. Ras moves to stay in place. Trends Cell Biol. 2015, 25, 190–197. [CrossRef]
5. Newlaczyl, A.U.; Coulson, J.M.; Prior, I.A. Quantification of spatiotemporal patterns of Ras isoform expression during develop-

ment. Sci. Rep. 2017, 7, 41297. [CrossRef]
6. Wang, M.T.; Holderfield, M.; Galeas, J.; Delrosario, R.; To, M.D.; Balmain, A.; McCormick, F. K-Ras Promotes Tumorigenicity

through Suppression of Non-canonical Wnt Signaling. Cell 2015, 163, 1237–1251. [CrossRef]
7. Quinlan, M.P.; Quatela, S.E.; Philips, M.R.; Settleman, J. Activated Kras, but not Hras or Nras, may initiate tumors of endodermal

origin via stem cell expansion. Mol. Cell. Biol. 2008, 28, 2659–2674. [CrossRef]
8. Najumudeen, A.K.; Jaiswal, A.; Lectez, B.; Oetken-Lindholm, C.; Guzman, C.; Siljamaki, E.; Posada, I.M.; Lacey, E.; Aittokallio, T.;

Abankwa, D. Cancer stem cell drugs target K-ras signaling in a stemness context. Oncogene 2016, 35, 5248–5262. [CrossRef]
9. Okutachi, S.; Manoharan, G.B.; Kiriazis, A.; Laurini, C.; Catillon, M.; McCormick, F.; Yli-Kauhaluoma, J.; Abankwa, D. A Covalent

Calmodulin Inhibitor as a Tool to Study Cellular Mechanisms of K-Ras-Driven Stemness. Front. Cell Dev. Biol. 2021, 9, 665673.
[CrossRef]

10. Alvarez-Moya, B.; Lopez-Alcala, C.; Drosten, M.; Bachs, O.; Agell, N. K-Ras4B phosphorylation at Ser181 is inhibited by
calmodulin and modulates K-Ras activity and function. Oncogene 2010, 29, 5911–5922. [CrossRef]

11. Dharmaiah, S.; Bindu, L.; Tran, T.H.; Gillette, W.K.; Frank, P.H.; Ghirlando, R.; Nissley, D.V.; Esposito, D.; McCormick, F.; Stephen,
A.G.; et al. Structural basis of recognition of farnesylated and methylated KRAS4b by PDEdelta. Proc. Natl. Acad. Sci. USA 2016,
113, E6766–E6775. [CrossRef]

12. Chippalkatti, R.; Abankwa, D. Promotion of cancer cell stemness by Ras. Biochem. Soc. Trans. 2021, 49, 467–476. [CrossRef]
13. Tidow, H.; Nissen, P. Structural diversity of calmodulin binding to its target sites. FEBS J. 2013, 280, 5551–5565. [CrossRef]
14. Grant, B.M.M.; Enomoto, M.; Ikura, M.; Marshall, C.B. A Non-Canonical Calmodulin Target Motif Comprising a Polybasic Region

and Lipidated Terminal Residue Regulates Localization. Int. J. Mol. Sci. 2020, 21, 2751. [CrossRef]
15. Grant, B.M.M.; Enomoto, M.; Back, S.I.; Lee, K.Y.; Gebregiworgis, T.; Ishiyama, N.; Ikura, M.; Marshall, C.B. Calmodulin disrupts

plasma membrane localization of farnesylated KRAS4b by sequestering its lipid moiety. Sci. Signal. 2020, 13, eaaz0344. [CrossRef]
16. Ismail, S.A.; Chen, Y.X.; Rusinova, A.; Chandra, A.; Bierbaum, M.; Gremer, L.; Triola, G.; Waldmann, H.; Bastiaens, P.I.;

Wittinghofer, A. Arl2-GTP and Arl3-GTP regulate a GDI-like transport system for farnesylated cargo. Nat. Chem. Biol. 2011, 7,
942–949. [CrossRef]

17. Villalonga, P.; Lopez-Alcala, C.; Bosch, M.; Chiloeches, A.; Rocamora, N.; Gil, J.; Marais, R.; Marshall, C.J.; Bachs, O.; Agell, N.
Calmodulin binds to K-Ras, but not to H- or N-Ras, and modulates its downstream signaling. Mol. Cell. Biol. 2001, 21, 7345–7354.
[CrossRef]

18. Chandra, A.; Grecco, H.E.; Pisupati, V.; Perera, D.; Cassidy, L.; Skoulidis, F.; Ismail, S.A.; Hedberg, C.; Hanzal-Bayer, M.;
Venkitaraman, A.R.; et al. The GDI-like solubilizing factor PDEdelta sustains the spatial organization and signalling of Ras family
proteins. Nat. Cell Biol. 2011, 14, 148–158. [CrossRef]

19. Li, C.J.; Heim, R.; Lu, P.; Pu, Y.; Tsien, R.Y.; Chang, D.C. Dynamic redistribution of calmodulin in HeLa cells during cell division
as revealed by a GFP-calmodulin fusion protein technique. J. Cell Sci. 1999, 112, 1567–1577. [CrossRef]

20. Yu, Y.Y.; Chen, Y.; Dai, G.; Chen, J.; Sun, X.M.; Wen, C.J.; Zhao, D.H.; Chang, D.C.; Li, C.J. The association of calmodulin with
central spindle regulates the initiation of cytokinesis in HeLa cells. Int. J. Biochem. Cell Biol. 2004, 36, 1562–1572. [CrossRef]

21. Abraham, S.J.; Nolet, R.P.; Calvert, R.J.; Anderson, L.M.; Gaponenko, V. The hypervariable region of K-Ras4B is responsible for its
specific interactions with calmodulin. Biochemistry 2009, 48, 7575–7583. [CrossRef] [PubMed]

22. Liao, J.; Planchon, S.M.; Wolfman, J.C.; Wolfman, A. Growth factor-dependent AKT activation and cell migration requires the
function of c-K(B)-Ras versus other cellular ras isoforms. J. Biol. Chem. 2006, 281, 29730–29738. [CrossRef] [PubMed]

23. Fischer, R.; Julsgart, J.; Berchtold, M.W. High affinity calmodulin target sequence in the signalling molecule PI 3-kinase. FEBS Lett.
1998, 425, 175–177. [CrossRef] [PubMed]

24. Wu, L.J.; Xu, L.R.; Liao, J.M.; Chen, J.; Liang, Y. Both the C-terminal polylysine region and the farnesylation of K-RasB are
important for its specific interaction with calmodulin. PLoS ONE 2011, 6, e21929. [CrossRef] [PubMed]

17



Cancers 2023, 15, 3087

25. Agamasu, C.; Ghirlando, R.; Taylor, T.; Messing, S.; Tran, T.H.; Bindu, L.; Tonelli, M.; Nissley, D.V.; McCormick, F.; Stephen, A.G.
KRAS Prenylation Is Required for Bivalent Binding with Calmodulin in a Nucleotide-Independent Manner. Biophys. J. 2019, 116,
1049–1063. [CrossRef] [PubMed]

26. Manoharan, G.B.; Kopra, K.; Eskonen, V.; Härmä, H.; Abankwa, D. High-throughput amenable fluorescence-assays to screen for
calmodulin-inhibitors. Anal. Biochem. 2019, 572, 25–32. [CrossRef]

27. Berchtold, M.W.; Villalobo, A. The many faces of calmodulin in cell proliferation, programmed cell death, autophagy, and cancer.
Biochim. Biophys. Acta 2014, 1843, 398–435. [CrossRef]

28. Faust, F.M.; Slisz, M.; Jarrett, H.W. Calmodulin is labeled at lysine 148 by a chemically reactive phenothiazine. J. Biol. Chem. 1987,
262, 1938–1941. [CrossRef]

29. Bhattacharya, S.; Bunick, C.G.; Chazin, W.J. Target selectivity in EF-hand calcium binding proteins. Biochim. Biophys. Acta (BBA)
Mol. Cell Res. 2004, 1742, 69–79. [CrossRef]

30. Yang, A.; Miron, S.; Mouawad, L.; Duchambon, P.; Blouquit, Y.; Craescu, C.T. Flexibility and plasticity of human centrin 2 binding
to the xeroderma pigmentosum group C protein (XPC) from nuclear excision repair. Biochemistry 2006, 45, 3653–3663. [CrossRef]

31. Friedberg, F. Centrin isoforms in mammals. Relation to calmodulin. Mol. Biol. Rep. 2006, 33, 243–252. [CrossRef]
32. Dantas, T.J.; Daly, O.M.; Morrison, C.G. Such small hands: The roles of centrins/caltractins in the centriole and in genome

maintenance. Cell. Mol. Life Sci. 2012, 69, 2979–2997. [CrossRef]
33. Puumalainen, M.R.; Ruthemann, P.; Min, J.H.; Naegeli, H. Xeroderma pigmentosum group C sensor: Unprecedented recognition

strategy and tight spatiotemporal regulation. Cell. Mol. Life Sci. 2016, 73, 547–566. [CrossRef]
34. Sanz, J.M.; Grecu, D.; Assairi, L. Ca2+ signaling and Target Binding Regulations: Calmodulin and Centrin In Vitro and In Vivo.

Bioenergetics 2016, 5, 1000144. [CrossRef]
35. Klein, U.R.; Nigg, E.A. SUMO-dependent regulation of centrin-2. J. Cell Sci. 2009, 122, 3312–3321. [CrossRef]
36. Paoletti, A.; Moudjou, M.; Paintrand, M.; Salisbury, J.L.; Bornens, M. Most of centrin in animal cells is not centrosome-associated

and centrosomal centrin is confined to the distal lumen of centrioles. J. Cell Sci. 1996, 109, 3089–3102. [CrossRef]
37. Hodges, M.E.; Scheumann, N.; Wickstead, B.; Langdale, J.A.; Gull, K. Reconstructing the evolutionary history of the centriole

from protein components. J. Cell Sci. 2010, 123, 1407–1413. [CrossRef]
38. Graser, S.; Stierhof, Y.D.; Lavoie, S.B.; Gassner, O.S.; Lamla, S.; Le Clech, M.; Nigg, E.A. Cep164, a novel centriole appendage

protein required for primary cilium formation. J. Cell Biol. 2007, 179, 321–330. [CrossRef]
39. Wall, V.E.; Garvey, L.A.; Mehalko, J.L.; Procter, L.V.; Esposito, D. Combinatorial assembly of clone libraries using site-specific

recombination. Methods Mol. Biol. 2014, 1116, 193–208. [CrossRef]
40. Zimmermann, G.; Papke, B.; Ismail, S.; Vartak, N.; Chandra, A.; Hoffmann, M.; Hahn, S.A.; Triola, G.; Wittinghofer, A.; Bastiaens,

P.I.; et al. Small molecule inhibition of the KRAS-PDEdelta interaction impairs oncogenic KRAS signalling. Nature 2013, 497,
638–642. [CrossRef]

41. Vaasa, A.; Viil, I.; Enkvist, E.; Viht, K.; Raidaru, G.; Lavogina, D.; Uri, A. High-affinity bisubstrate probe for fluorescence anisotropy
binding/displacement assays with protein kinases PKA and ROCK. Anal. Biochem. 2009, 385, 85–93. [CrossRef]

42. Sinijarv, H.; Wu, S.; Ivan, T.; Laasfeld, T.; Viht, K.; Uri, A. Binding assay for characterization of protein kinase inhibitors possessing
sub-picomolar to sub-millimolar affinity. Anal. Biochem. 2017, 531, 67–77. [CrossRef] [PubMed]

43. Manoharan, G.B.; Okutachi, S.; Abankwa, D. Potential of phenothiazines to synergistically block calmodulin and reactivate PP2A
in cancer cells. PLoS ONE 2022, 17, e0268635. [CrossRef] [PubMed]

44. Liyanage, M.R.; Zaidi, A.; Johnson, C.K. Fluorescence polarization assay for calmodulin binding to plasma membrane Ca2+-
ATPase: Dependence on enzyme and Ca2+ concentrations. Anal. Biochem. 2009, 385, 1–6. [CrossRef]

45. Waxham, M.N.; Tsai, A.L.; Putkey, J.A. A mechanism for calmodulin (CaM) trapping by CaM-kinase II defined by a family of
CaM-binding peptides. J. Biol. Chem. 1998, 273, 17579–17584. [CrossRef] [PubMed]

46. Zhao, Y.; Guo, X.; Yang, B. Calcium-induced human centrin 1 self-assembly and double-regulating the binding with peptide
R18-Sfi1p. Int. J. Biol. Macromol. 2019, 128, 314–323. [CrossRef]

47. Bodle, J.C.; Loboa, E.G. Concise Review: Primary Cilia: Control Centers for Stem Cell Lineage Specification and Potential Targets
for Cell-Based Therapies. Stem Cells 2016, 34, 1445–1454. [CrossRef]

48. Pfleger, K.D.; Eidne, K.A. Illuminating insights into protein-protein interactions using bioluminescence resonance energy transfer
(BRET). Nat. Methods 2006, 3, 165–174. [CrossRef]

49. Halling, D.B.; Liebeskind, B.J.; Hall, A.W.; Aldrich, R.W. Conserved properties of individual Ca2+-binding sites in calmodulin.
Proc. Natl. Acad. Sci. USA 2016, 113, E1216–E1225. [CrossRef]

50. Herrmann, C.; Horn, G.; Spaargaren, M.; Wittinghofer, A. Differential interaction of the ras family GTP-binding proteins H-Ras,
Rap1A, and R-Ras with the putative effector molecules Raf kinase and Ral-guanine nucleotide exchange factor. J. Biol. Chem.
1996, 271, 6794–6800. [CrossRef]

51. Vetter, I.R.; Linnemann, T.; Wohlgemuth, S.; Geyer, M.; Kalbitzer, H.R.; Herrmann, C.; Wittinghofer, A. Structural and biochemical
analysis of Ras-effector signaling via RalGDS. FEBS Lett. 1999, 451, 175–180. [CrossRef]

52. Thurnher, M.; Gruenbacher, G.; Nussbaumer, O. Regulation of mevalonate metabolism in cancer and immune cells. Biochim.
Biophys. Acta (BBA) Mol. Cell Res. 2013, 1831, 1009–1015. [CrossRef]

53. Abdelkarim, H.; Leschinsky, N.; Jang, H.; Banerjee, A.; Nussinov, R.; Gaponenko, V. The dynamic nature of the K-Ras/calmodulin
complex can be altered by oncogenic mutations. Curr. Opin. Struct. Biol. 2021, 71, 164–170. [CrossRef]

18



Cancers 2023, 15, 3087

54. Parkkola, H.; Siddiqui, F.A.; Oetken-Lindholm, C.; Abankwa, D. FLIM-FRET Analysis of Ras Nanoclustering and Membrane-
Anchorage. Methods Mol. Biol. 2021, 2262, 233–250. [CrossRef]

55. Siddiqui, F.A.; Alam, C.; Rosenqvist, P.; Ora, M.; Sabt, A.; Manoharan, G.B.; Bindu, L.; Okutachi, S.; Catillon, M.; Taylor, T.; et al.
PDE6D Inhibitors with a New Design Principle Selectively Block K-Ras Activity. ACS Omega 2020, 5, 832–842. [CrossRef]

56. Kohnke, M.; Schmitt, S.; Ariotti, N.; Piggott, A.M.; Parton, R.G.; Lacey, E.; Capon, R.J.; Alexandrov, K.; Abankwa, D. Design
and application of in vivo FRET biosensors to identify protein prenylation and nanoclustering inhibitors. Chem. Biol. 2012, 19,
866–874. [CrossRef]

57. Dontu, G.; Abdallah, W.M.; Foley, J.M.; Jackson, K.W.; Clarke, M.F.; Kawamura, M.J.; Wicha, M.S. In vitro propagation and
transcriptional profiling of human mammary stem/progenitor cells. Genes Dev. 2003, 17, 1253–1270. [CrossRef]

58. Santoro, A.; Vlachou, T.; Carminati, M.; Pelicci, P.G.; Mapelli, M. Molecular mechanisms of asymmetric divisions in mammary
stem cells. EMBO Rep. 2016, 17, 1700–1720. [CrossRef]

59. Cicalese, A.; Bonizzi, G.; Pasi, C.E.; Faretta, M.; Ronzoni, S.; Giulini, B.; Brisken, C.; Minucci, S.; Di Fiore, P.P.; Pelicci, P.G. The
tumor suppressor p53 regulates polarity of self-renewing divisions in mammary stem cells. Cell 2009, 138, 1083–1095. [CrossRef]

60. Chen, C.; Yamashita, Y.M. Centrosome-centric view of asymmetric stem cell division. Open Biol. 2021, 11, 200314. [CrossRef]
61. Nussinov, R.; Zhang, M.; Tsai, C.J.; Jang, H. Calmodulin and IQGAP1 activation of PI3Kalpha and Akt in KRAS, HRAS and

NRAS-driven cancers. Biochim. Biophys. Acta (BBA) Mol. Basis Dis. 2018, 1864, 2304–2314. [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.

19



cancers

Article

Proteomic Mapping of the Interactome of KRAS Mutants
Identifies New Features of RAS Signalling Networks and the
Mechanism of Action of Sotorasib

Aoife Nolan 1, Cinzia Raso 1, Walter Kolch 1,2, Alex von Kriegsheim 1,3, Kieran Wynne 1

and David Matallanas 1,*

1 Systems Biology Ireland, School of Medicine, University College Dublin, Belfield, D04 V1W8 Dublin, Ireland;
aoife.a.nolan@ucdconnect.ie (A.N.); cinzia.raso@gmail.com (C.R.); walter.kolch@ucd.ie (W.K.);
alex.vonkriegsheim@igmm.ed.ac.uk (A.v.K.); kieran.wynne1@ucd.ie (K.W.)

2 Conway Institute of Biomolecular and Biomedical Research, University College Dublin,
D04 V1W8 Dublin, Ireland

3 Edinburgh Cancer Research UK Centre, MRC Institute of Genetics and Molecular Medicine, University of
Edinburgh, Edinburgh EH4 2XU, UK

* Correspondence: david.gomez@ucd.ie

Simple Summary: Cancer is caused by changes in DNA called mutations that alter the way proteins
work. We know that RAS proteins are one of the most commonly mutated proteins in cancer cells.
These proteins work like a light switch and mutant RAS remain in the ON position sending signals to
the cell to keep dividing when they should not. Until recently, it was thought that all RAS mutations
were equal, but differences among these mutants have been identified. Here we used a technique
called proteomics to decipher the differences among RAS mutants. We find that each mutant binds a
different set of proteins and can regulate different signals. We also find that a clinically approved
drug that inhibits one RAS mutant regulates the interaction of RAS proteins with other proteins. Our
findings extend our knowledge of how the RAS mutants work, which can potentially be used to
improve cancer treatments.

Abstract: RAS proteins are key regulators of cell signalling and control different cell functions
including cell proliferation, differentiation, and cell death. Point mutations in the genes of this family
are common, particularly in KRAS. These mutations were thought to cause the constitutive activation
of KRAS, but recent findings showed that some mutants can cycle between active and inactive states.
This observation, together with the development of covalent KRASG12C inhibitors, has led to the
arrival of KRAS inhibitors in the clinic. However, most patients develop resistance to these targeted
therapies, and we lack effective treatments for other KRAS mutants. To accelerate the development
of RAS targeting therapies, we need to fully characterise the molecular mechanisms governing
KRAS signalling networks and determine what differentiates the signalling downstream of the KRAS
mutants. Here we have used affinity purification mass-spectrometry proteomics to characterise
the interactome of KRAS wild-type and three KRAS mutants. Bioinformatic analysis associated
with experimental validation allows us to map the signalling network mediated by the different
KRAS proteins. Using this approach, we characterised how the interactome of KRAS wild-type and
mutants is regulated by the clinically approved KRASG12C inhibitor Sotorasib. In addition, we
identified novel crosstalks between KRAS and its effector pathways including the AKT and JAK-STAT
signalling modules.

Keywords: KRAS; proteomics; JAK1; RADIL; Sotorasib; SOS1

1. Introduction

The three genes of the RAS family, HRAS, KRAS, and NRAS, code for four proteins
and were described 40 years ago [1]. These proteins are members of the small GTPase
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superfamily, and they cycle between an inactive state when they are bound to GDP and
an active state when they exchange GDP for GTP [2]. Inactivation occurs when GTP is
hydrolysed to GDP in a reaction that can be catalysed by RAS proteins intrinsic GTPase
activity. However, the activation switch of RAS proteins is tightly regulated by several
proteins including the guanine nucleotide exchange factors (GEFs) that promote the ex-
change of GDP for GTP and the RAS GTPase activating proteins (GAPs) that accelerate
the hydrolysis of GTP. Activated RAS-GTP binds to effector proteins that are ultimately
responsible for the (patho)physiological functions mediated by RAS proteins including
proliferation, migration, and differentiation [3]. Extensive work has identified more than
20 bona fide and putative RAS effectors [2]. However, despite intensive research, we lack a
clear picture on how these proteins regulate their complex signalling networks.

Mutations of the RAS family of genes are common in cancer and they are driving
oncogenes in some of the cancer types with higher prevalence [4]. In cancer cells, the
three genes are mutated at different rates. KRAS is the most commonly mutated gene
(85% of mutations), followed by NRAS (14%), while HRAS mutations are less frequent
(~1%) [4]. Traditionally, hyperactivating mutations of RAS proteins were thought to lock
RAS in the active GTP-bound state, due to the conformational changes in protein structure
caused by mutations in RAS [1]. However, recent evidence has disproved this dogma as it
has been shown that many KRAS mutants retain varying levels of GTPase activities [5–9].
The current view is that the amino acid substitution involved is the determining factor of
KRAS mutant GTPase activity, and subsequent activation of downstream pathways [7].
Biochemical studies have determined that the KRASG13D mutant has the highest GTPase
activity with a 14 times faster GDP–GTP exchange rate than wild-type KRAS (hence
forth KRAS WT) and nine times slower GAP-mediated GTP hydrolysis rate [6,9]. In
clear contrast, KRASG12V shows a 1.8-fold reduced GDP–GTP exchange rate but it is
insensitive to GAP-mediated GTP hydrolysis [6]. However, the determination of the
GTPase activity of the different KRAS mutants is not completed and conflicting results in a
study performed in MCF10A breast cancer cells found that KRASG12D and KRASG13D
mutants had similar GTPase activity to KRAS WT, but that KRASG12C and KRASG12V
had higher GTP binding [7]. Importantly, the binding of many KRAS effectors is GTP-
dependent, including the best characterised KRAS effectors RAF1, PI3K, RALGDS, and
PLCε [10,11]. Thus, the fact that the different mutants are regulated by GTP/GDP exchange
can indicate that different KRAS mutants can have different affinities for interacting proteins
and some mutations can result in the formation of oncogenic neo-interactions with proteins
that do not bind to KRAS WT. This hypothesis is supported by recent data showing that
KRAS interaction affinity with the RAF RAS-binding domain (RBD) decreases, dependent
on the mutation present at KRAS codons 12, 13, and 61 [9]. In this case, KRASG13D,
KRASQ61L, KRASG12A, and KRASG12C mutants had only slightly lower interaction
affinity with RAF-RBD compared with KRAS WT. Conversely, KRASG12V, KRASG12D,
and KRASG12R mutants had significantly lower interaction affinity with RAF-RBD. Thus,
different types of KRAS mutations can profoundly change the interaction with effectors
and downstream signalling.

Importantly, in the last decade there has been a paradigm change in the way we
approach the development of targeted therapies against RAS-driven tumours. For decades,
RAS proteins were considered undruggable. The development of a series of covalent
inhibitors specific for KRASG12C and the FDA approval of Sotorasib (AMG510) and
Adagrasib demonstrate that we can develop effective RAS inhibitors, at least for some of
the most common mutants [12]. Unfortunately, while the initial response rates to Sotorasib
and Adagrasib are promising, ranging from 32% to 46%, respectively, in non-small cell
lung cancer (NSCLC), resistance inevitably develops in these patients [13]. These drugs can
also lead to severe side effects in the patients and more information is necessary to fully
characterise their mechanism of action [14].

Traditionally, all KRAS point mutations observed in human tumours were considered
to mediate their transforming potential through the same effector pathways. Importantly, in-
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creasing evidence shows that specific mutations are associated with different transforming
potential and differential regulation of metastasis in various cell and animal models [7,15].
The existence of pathophysiological differences among the different mutant KRAS is further
supported by clinical observations indicating that patients with mutant KRAS colorectal
cancer may respond to targeted therapy depending on the type of point mutation they
express [16]. In particular, KRASG13D but not KRASG12V tumours were shown to be
sensitive to EGFR inhibition. These differences are probably related to the different GTPase
activity of these mutants which likely results in different interactomes associated with
specific KRAS mutants. For this reason, in the past few years, several groups have per-
formed affinity purification mass-spectrometry (AP-MS) studies to characterise the specific
interactome of several mutant KRAS [10]. Collectively, these studies clearly support the
existence of specific mutant KRAS interactomes.

Here, we extend these studies using AP-MS to compare the interactome of KRAS
WT, KRASG12V, and KRASG13D in non-tumoral and tumoral cell lines. Using AP-MS
we identify specific transient interactors and novel RAS interactors. We experimentally
validated our findings, extending our studies to other KRAS mutants, demonstrating that
KRAS mutants have different affinities for some of their interactors including SOS1. In
light of these findings, we applied our AP-MS proteomic approach to characterise the
effect of Sotorasib on the interactome of KRASG12C and KRAS WT. Our findings show
a regulation of the KRASG12C interactome by this drug. Surprisingly, we also see a
Sotorasib-mediated regulation of KRAS WT interacting proteins and an activation of AKT.
Our analysis identified a novel interaction of KRASG12C with JAK1, with an unexpected
regulation of KRAS protein expression by the JAK pathway. We also identified proteins of
the AKT pathway which may be involved in the activation of AKT. Altogether, our results
expand our understanding of KRAS signalling networks and provide mechanistic insights
into why not all KRAS mutants are created equal.

2. Materials and Methods

2.1. Cell Culture and Transfection

HEK293 (ATCC), RAS-less mouse embryonic fibroblasts (MEF) isogenic cell lines [17]
(from the RAS initiative at Frederick National Laboratory), and HKe-3 (Shirasawa et al.
1993) cells were maintained in T75 flasks at 37 ◦C in 95% humidified air containing 5% CO2
in HEPA class 100 steri-cycle CO2 incubator (Thermo Electron Corporation, Vantaa Finland)
and cultured in Dulbecco’s Modified Eagle Medium (DMEM) containing 10% Foetal Bovine
Serum and 2 mM L glutamine (all from Gibco, Waltham, MA, USA). NIH3T3 (ATCC)
cells were maintained at similar conditions and cultured in filtered DMEM containing 10%
Calf Serum (Sigma-Aldrich, Burlington MA, USA) and 2 mM L-glutamine. Cells were
transfected with Lipofectamine 2000 (Invitrogen, Waltham, MA, USA), according to the
manufacturer’s instructions. All cells were validated by genome sequencing in the last
12 months. For stimulation with EGF (Roche, Basel, Switzerland), following 24 h trans-
fection of HEK293 cells, cells were starved for 16 h prior to stimulation with 3 μM EGF
for 5 and 10 min, and cells were then lysed. Cells were treated with 5 μM Sotorasib (Med-
ChemExpress, Monmouth Junction, NJ, USA) and 5 μM Ruxolitinib (SelleckChem, Berlin,
Germany) for 24 h in normal growth conditions prior to protein extraction by cell lysis.

2.2. Immunoblotting, Antibodies and Reagents

Cell extract protein concentrations were measured by Pierce BCA assay (Invitrogen)
as outlined by the manufacturer’s instruction. Extracts and immunoprecipitates were
denaturalised and analysed by SDS-polyacrylamide gel electrophoresis and transferred
to PVDF membranes (Millipore, Darmstadt, Germany), and blotted with commercial
antibodies. Rabbit polyclonal RADIL (Proteintech, Manchester, UK), monoclonal anti-
FLAG M2-HRP (MERK, Darmstadt, Germany), mouse monoclonal α-Tubulin antibody
(TU-02; Santa Cruz, Dallas, TX, USA), rabbit polyclonal GAPDH (Cell Signaling, Danvers,
MA, USA), goat polyclonal RIN1 (N-19; Santa Cruz), mouse monoclonal p-ERK (E-4; Santa
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Cruz), rabbit polyclonal ERK1 (C-16; Santa Cruz), rabbit polyclonal p-S473-AKT (Cell
Signaling), rabbit polyclonal AKT1 (N-19, Santa Cruz), rabbit polyclonal Vinculin (Cell
Signaling), mouse monoclonal BRAF (F-7; Santa Cruz), mouse monoclonal KRAS (F234;
Santa Cruz), rabbit polyclonal MEK (12-B; Santa Cruz), rabbit polycloncal p-S217/221-
MEK (Cell Signaling), mouse monoclonal panRAS (Ab-3; EMD Millipore, Germany),
mouse monoclonal RAF1 (E-10; Santa Cruz), rabbit polyclonal p-S289/296/301-RAF1 (Cell
Signaling), rabbit polyclonal SAPK/JNK (Cell Signaling), rabbit polyclonal p-T183/Y185-
SAPK/JNK (Cell Signaling), rabbit polyclonal STAT5 (C-17; Santa Cruz), rabbit polyclonal p-
Y705-STAT3 (Cell Signaling), rabbit polyclonal JAK1 (HR-785; Santa Cruz), rabbit polyclonal
p-Y1034/1035-JAK1 (Cell Signaling), rabbit polyclonal Cleaved Caspase 3 (Cell Signaling),
and mouse monoclonal AU5 (Covance, Burlington, NC, USA).

2.3. Constructs and siRNA

Constructs encoding pCEFL-FLAG-KRAS WT, pCEFL-FLAG-KRASG13D, pCEFL-
FLAG-KRASG12V, pCEFL-FLAG-KRASG12C, pCEFL-FLAG-KRASG12D, pCEFL-HA-
NRASG12V, pCEFL-HA-KRAS WT, pCEFL-HA-KRASG13D, pCEFL-HA-KRASG12V,
pCEFL-HA-KRASG12C, pCEFL-HA-KRASG12D, and pCEFL-AU5-SOS1 have been de-
scribed before [18–21]. Small interfering RNAs (siRNAs) against RADIL human (SO-
2776281G) and mouse (SO-2858456G) and non-targeted were from Dharmacon/Horizon
(Lafayette, CO, USA).

2.4. Immunoprecipitation (IP) and in Beads Tryptic Digestion

Cells were transfected with pCEFL-FLAG-KRAS-WT, -KRASG13D, -KRASG12V, -
KRASG12C, -KRASG12D, and lysed after 48 h in 25 mM HEPES (pH7.5), 150 mM NaCl,
10 mM MgCl2, 1 mM EDTA (all Sigma-Aldrich), 1% NP-40 (Calbiochem, San Diego, CA,
USA), protease, and phosphatase inhibitors (Roche). Cellular debris was removed by cen-
trifugation at 20,000× g at 4 ◦C for 10 min. Baits were immunoprecipitated with anti-FLAG
M2 conjugated agarose beads (Sigma-Aldrich). After 2 h incubation at 4 ◦C, immuno-
precipitates were washed twice with lysis buffer containing 1% NP-40 and separated by
SDS-PAGE. Blots were quantified using ImageJ version 1.50. For immunoprecipitation
of endogenous RADIL the lysates were incubated with 10 μL Protein-G Sepharose beads
(Sigma-Aldrich) with 2.6 μg/mL RADIL antibody at 4 ◦C for 2 h. Samples used in the
MS analyses were immunoprecipitated with anti-FLAG M2 conjugated agarose beads,
performed as above but after 2 h incubation at 4 ◦C the immunoprecipitates were digested
with proteases as described before [22]. Briefly, immunoprecipitates were washed three
times with lysis buffer containing 1% NP-40 and twice with lysis buffer that does not
contain NP-40. Proteins were eluted from beads with 2 M Urea, 50 mM Tris-HCl (pH7.5)
containing 5 μg/mL modified sequencing-grade trypsin (Promega, Madison, WI, USA) for
30 min. Proteins were digested in 2 M Urea, 50 mM Tris-HCl pH7.5, and 1 mM DTT (all
from Sigma-Aldrich) containing 5 μg/mL modified sequencing-grade trypsin overnight at
room temperature. Peptides were alkylated using iodoacetamide (5 mg/mL) and incubated
in the dark for 30 min at room temperature. C18 Stage Tips were used to desalt samples,
as described by [23] and analysed by mass spectrometry. For double digestion, proteins
were denatured in 8 M Urea and reduced in 1 mM DTT for 30 min at room temperature.
Proteins were alkylated in the dark for 30 min at room temperature with iodoacetamide
(3 mM). Proteins were digested in 8 M Urea containing 3 ng/μL Lysyl Endopeptidase
(Lys-C, Osaka, Wako, Japan) for 4 h at 37 ◦C. Samples were diluted to a final concentration
of 2 M Urea and digested again overnight with 3 ng/μL modified sequencing grade trypsin.
C18 Stage tips were used to desalt samples, as before, and analysed by mass spectrometry.

2.5. Mass Spectrometry Analysis of Affinity Purification-MS (AP-MS)

Experiment IP KRAS WT, KRASG12V, and KRASG13D: the samples were run on a
ThermoScientific Q-Exactive mass spectrometer (ThermoFisher Scientific, Waltham, MA,
USA) connected to Dionex Ultimate 3000 (RSLCnano, ThermoFisher, Waltham, MA, USA)
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chromatography system. Tryptic peptides were resuspended in 0.5% acetic acid, and 2%
acetonitrile (both Sigma-Aldrich). Each sample was loaded onto a fused silica emitter,
75 μm ID, pulled using a laser puller (Sutter Instruments P2000, Novato, CA, USA), packed
with Reprocil Pur C18 (1.9 μm, Germany) reverse phase media, and was separated by
an increasing acetonitrile gradient over 120 min at a flow rate of 200 nL/min. The mass
spectrometer was operated in positive ion mode with a capillary temperature of 320 ◦C,
and with a potential of 2300 V applied to the frit. All data were acquired with the mass
spectrometer operating in automatic data-dependent switching mode. A high resolution
(70,000) MS scan (350–1600 m/z) was performed using the Q-Exactive to select the 12 most
intense ions prior to MS/MS analysis using HCD.

Experiment IP Sotorasib treatment KRAS WT and KRASG12C: Samples were analysed
on a Bruker timsTof Pro mass spectrometer (Bruker, Billerica, MA, USA) connected to
an Evosep One liquid chromatography system (Eveosep, Odense, Denmark) or a Bruker
nanoElute nanoflow chromatography system. In the case of the Evosep platform tryptic
peptides were resuspended in 0.1% formic acid (Sigma-Aldrich) and each sample was
loaded onto an Evosep tip. The Evosep tips were placed in position on the Evosep One,
in a 96-tip box. The autosampler was configured to pick up each tip, and elute and
separate the peptides using a set chromatography method (30 samples a day) [24]. For
the Bruker nanoElute nano-LC chromatography system, each sample was loaded onto
Acclaim PepMap C18 trap cartridge (0.3 mm inside diameter, 5 mm length, ThermoFisher
Scientific) and then separated on an Aurora UHPLC column (25 cm × 75 μm ID, C18,
1.6 μm, Ionopticks, Fitzroy Australia) with an increasing acetonitrile gradient over 30 min
at a flow rate of 250 nL/min [25]. The chromatography buffers used for both systems were
Buffer A: 99.9% water, and 0.1% formic acid; and Buffer B: 99.9% acetonitrile, and 0.1%
formic acid. All solvents used were LCMS grade. The mass spectrometer was operated
in positive ion mode with a capillary voltage of between 1600 and 1800 V, dry gas flow
of 3 L/min and a dry temperature of 180 ◦C. All data were acquired with the instrument
operating in trapped ion mobility spectrometry (TIMS) mode. Trapped ions were selected
for ms/ms using parallel accumulation serial fragmentation (PASEF). A scan range of
(100–1700 m/z) was performed at a rate of 5 PASEF MS/MS frames to 1 MS scan with a
cycle time of 1.03 s [26].

2.6. Analysis of AP-MS Data

The resulting mass spectra were analysed with MaxQuant [27] software, containing
a built-in Andromeda search engine to identify the proteins from the UniProt HUMAN
database [28] (release 2014_02). Protein interactions were quantified by LFQ Intensity.
This consisted of 3 biological replicates and 2 technical replicates with 3 baits and empty
vector controls in 2 cell lines. The raw data were searched against the Homo sapiens
subset of the Uniprot Swissprot database (reviewed) using the search engine Maxquant
(release 2.0.1.0) using specific parameters for trapped ion mobility spectra data-dependent
acquisition (TIMS DDA). Each peptide used for protein identification met specific Maxquant
parameters, i.e., only peptide scores that corresponded to a false discovery rate (FDR) of
0.01 were accepted from the Maxquant database search. The normalized protein intensity
of each identified protein was used for label-free quantitation (LFQ) [29].

Contaminants and reverse peptides were removed. The statistical analysis was per-
formed as previously reported [23,30]. In essence, the average protein interaction for each
bait was measured by LFQ values. As the first step in the analysis, significant proteins were
identified in comparison to the empty vector control. The ratio of protein abundance and
Student’s t-test were used to select proteins significantly interacting with the bait proteins
compared with the empty vector control (ratio > 2, p-value < 0.01). Specific proteins were
pooled. For the experiment performed with HKe-3 cells described in Section 3.2 bait protein
levels (KRAS) were assessed and normalised to remove potential protein interaction bias
for one bait over the others. The ratio between conditions were calculated pairwise. To
select proteins significantly interacting compared with other baits, the ratio of each protein,
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combined with Student’s t-test were used to identify proteins significantly interacting
(ratio > 2 OR < 0.5, p-value < 0.01).

Cytoscape (version 3.7.2) was used to construct the interactomes of each KRAS isoform
in both cell lines. String DB [31], REACTOME [32], and PANTHER databases [33] were used
for gene ontology analysis, network reconstruction, and K-means cluster identification.

2.7. Transformation Assay

Transformation assays were performed as described by Aaronson et al. [34] and
further explained in Herrero et al. [35]. Briefly, NIH3T3 cells were transfected with pCEFL-
HA-KRAS WT, KRASG13D, KRASG12V, KRASG12C, KRASG12D, and/or 20 nM siRNA-
RADIL. Cells were grown in culture conditions for at least two weeks with the media
changed every 2–3 days. When macroscopic foci were visible, the cells were fixed with
methanol for 5 min and stained with 5% Giemsa (in PBS) and the transformed foci were
counted. The number of foci counted were quantified relative to 1 μL of DNA. Three
biological replicates were quantified and averaged.

2.8. Migration Assay

HKe-3 cells were transfected with pCEFL-FLAG-KRAS-WT, -KRASG13D, -KRASG12V,
-KRASG12C, -KRASG12D, and +/− 4nM siRNA-RADIL; 24 h post-transfection, cells were
counted and seeded into migration culture inserts (Ibidi, Grafelding, Germany). Culture
inserts were removed 24 h post-seeding of cells. Cells were supplemented with DMEM
containing 1% FBS and 1% L-glutamine. Pictures of the cell gap were taken at 0 h, 6 h and
24 h. The area of the gap was measured using ImageJ. Results were normalised to the 0
h time point for each condition, as outlined by Cappiello et al. [36] and percentage gap
closure was quantified.

2.9. Survival Curves

To measure survival in HKe-3 we used MTS assays. To perform this, cells were trans-
fected with pCEFL-FLAG-KRAS-WT, -KRASG13D, -KRASG12V, -KRASG12C, -KRASG12D,
and/or 10 nM siRNA-RADIL. Cells were collected at the indicated times and MTS assay
was performed as outlined by the manufacturer (Promega).

2.10. Statistics

Transformation assay: Number of foci were counted and quantified relative to 1μg
DNA. Positive (upper) error bars are Max-Q3 (maximum [highest data point in the data
set]—Q3 [third quartile, the median of the upper half of the dataset]), minus (lower) error
bars are the error amount set to 100%. Upper (dark grey) boxes are Q3-Med (Q3 [third
quartile, the median of the upper half of the dataset]—Med [median, the middle value in
the dataset]). Lower light grey boxes are Med-Q1 (Med [median, the middle value in the
dataset]—Q1 [first quartile, the median of the lower half of the dataset]). p-values were
determined by two-tail, two-sample equal variance Student’s t-test; * p < 0.05, ** p < 0.01,
*** p < 0.001; differences without p-values indicated were not significant.

Migration assay: Percentage cell gap was quantified using ImageJ and normalised to
the 0 h time point gap as described by Cappiello et al. [36]. Error bars are +/− standard
error of the mean (SEM) of three biological replicates. p-values were determined by two-tail,
two-sample equal variance Student’s t-test; * p < 0.05, ** p < 0.01, *** p < 0.001; differences
without p-values indicated were not significant.

Western blot quantification: Protein band intensity was quantified by ImageJ. Im-
munoprecipitates were normalised to the band intensity of bait proteins, phospho-proteins
were normalised to band intensity of the corresponding total-protein levels. All samples
were normalised to the control (KRAS WT) levels. p-values were determined by one-tail,
two-sample equal variance Student’s t-test; * p < 0.05, ** p < 0.01, *** p < 0.001; differences
without p-values indicated were not significant.
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MTS cell survival assay: Three biological replicates with three technical replicates
each. Percentage cell viability was normalised to the control (live cells). Error bars are +/−
standard error of the mean (SEM) of three biological replicates. p-values were determined
by two-tail, two-sample equal variance Student’s t-test; * p < 0.05; differences without
p-values indicated were not significant.

3. Results

3.1. KRAS Mutants Differentially Regulate the RAF and AKT Effector Pathways in HEK293 Cells

Different lines of evidence have shown that the specific point mutations of the KRAS
oncogene are not equal [37–41]. To obtain a better understanding of the biochemical
and functional differences among these proteins, we first tested the effects of the expres-
sion of KRAS WT and four of the most common oncogenic KRAS mutants, KRASG13D,
KRASG12V, KRASG12C, and KRASG12D, on the regulation of ERK and AKT pathways in
HEK293 cells. As expected, overexpression of KRAS WT caused a modest increase on ERK
phosphorylation, while overexpression of the four KRAS mutants increased ERK phospho-
rylation (Figure 1A,B). KRASG12D induced phospho-ERK levels 12-fold compared with
WT, followed by KRASG12C and KRASG13D with a 7.3- and 5.6-fold increase, respectively.
KRASG12V was consistently less potent and induced ERK phosphorylation only 3-fold
even though it was expressed at higher levels than KRASG13D. The effect on the levels of
phospho-AKT were less striking, but KRASG12C and KRASG12D significantly induced
phosphorylation of this kinase while expression of KRASG13D and KRASG12V had no
effect (Figure 1A,C). Altogether, the results show that KRASG12C and KRASG12D have
similar effects in the activation of ERK and AKT. KRASG13D does not activate the AKT
pathway while KRASG12V has a lower effect in the activation of the ERK pathway than
the other mutants and no effect on the activation of AKT.

Figure 1. (A) HEK293 cells transfected with the indicated constructs were lysed after 48 h. Lysates
were Western blotted with indicated antibodies. The whole Western blot figure can be found in
Supplementary Materials Original Blots and quantification for Figure 1A. Numbers indicate fold
of phosphorylation of the indicated proteins normalised to the total protein. (B) graph shows
the fold of phospho-ERK normalised to ERK expression (n = 3). Error bars show standard devi-
ation. * p value < 0.05; ** p value < 0.01. (C) graph shows the fold of phospho-AKT normalized
to AKT expression (n = 3). Error bars show standard error of the mean (SEM). * p value < 0.05;
** p value < 0.01.

3.2. The KRAS Proteins Interactome Differs between Cell Types

We hypothesised that the results of the previous section might be explained, at least
in part, by differences in the interactome of these mutants. To test this, we performed a
proteomics screen of KRAS mutants interactomes. In order to facilitate the experimental
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analysis, we selected only two of these mutants, KRASG12V and KRASG13D. The rationale
for this selection was that these two KRAS isoforms have the greater variation in the
GTPase activity and differential response to EGFR inhibitors [7,16], which we reasoned
may be due to the presence of very different interactors in their proteomes. We selected the
human HEK-293 cells which are an immortalized cell line commonly used for interaction
proteomics and has been used to explore RAS proteins interactomes [38,42,43]. Also,
we were interested in determining if there are differences in the interactome of these
mutants in different cell lines and, in particular, in a cancer type where KRAS is commonly
mutated. In our experience, overexpression of KRAS mutants in cells that have mutations
in KRAS or BRAF genes is extremely difficult as this seems to result in oncogene-induced
stress. For this reason, in addition to HEK293 cells, we performed a proteomic screen in
HKe-3 cells, a colorectal cancer cell line derived from HCT116 cells where the oncogenic
KRASG13D allele was knocked out that tolerates overexpression of KRAS mutants and we
used before to perform proteomics screens [44,45]. We transfected FLAG-tagged constructs
of KRAS WT, KRASG12V, and KRASG13D into these cell types (Figure 2A). Following IP,
we determined the specific interactomes associated with the different KRAS proteins by
AP-MS. Using label-free quantitation (LFQ), we performed statistical analysis to check if
there were significant changes in the interactome of the three KRAS proteins expressed in
the experiments. A first comparison using a Venn diagram representation showed clear
differences in the interactomes associated with KRAS proteins in both cell lines with only
12 proteins out the 450 specific interactors being present in KRAS IPs performed in both cell
lines (Figure 2B and Tables S1 and S2). These results showed that there are very pronounced
cell specific differences in the interactome of KRAS proteins. To continue the systematic
analysis, we focused on the differences in the interactome for the three KRAS baits in each
cell line.

In HEK293 cells, 1530 proteins were identified in the screening, of which 400 were
specifically binding to at least one of the KRAS proteins (Figures 2B,C and S1 and Table S1).
Using the statistical analysis explained in the material and methods section, we observed
remarkable variations on the number of proteins binding to each of the KRAS proteins.
As expected, there were common interactors to KRAS WT, KRASG13D, and KRASG12V
(193), and other proteins were interacting with two of them (Figure 2C). Conversely, there
were 46 proteins exclusively interacting with KRAS WT. In the case of the KRAS mutants,
we also identified proteins exclusively binding to one of them with 48 proteins shown
as unique KRASG13D interactors and only 16 shown as specific for KRASG12V. Similar
results were observed in HKe-3 cells, although with clear differences in the distribution of
the interactome (Figures 2D and S2 and Table S2). In HKe-3 cells, we identified significantly
fewer proteins (713 proteins), of which 62 proteins were shown as specific KRAS interactors.
As in HEK293 cells the three proteins expressed shared part of the interactome, but only
11 proteins were common interactors. The most remarkable observation in these cells was
that KRASG13D interacted with 22 proteins, a much lower number than the 40 binders
of KRAS WT and the 41 interactors of KRASG12V. Despite these differences, all KRAS
isoforms have unique interactors, with KRAS WT having the highest number (13), followed
by KRASG12V and KRASG13D (13 and 7, respectively). Altogether, these results show that
there are clear differences in the interactomes of the three KRAS isoforms and that they
show cell specific characteristics.

Next, we evaluated the quality of our experiments by focusing on the proteins identi-
fied in our experiments. Several known RAS interactors were found in the analysis of the
proteomic interaction data including proteins that have been identified in previous pro-
teomics screenings performed with other methods such as BioID and AP-MS, among them
the RAS effectors RAF1, BRAF, NRAS, HRAS, RADIL, or mTOR [37,39,40,46,47] (Figures
2E–N and S2). The high enrichment of known KRAS interactors in our datasets demonstrate
the validity of our method to investigate the specific interactomes of the different KRAS
isoforms. Moreover, LFQ allowed us to find changes of affinity between the different KRAS
baits and specific proteins. For instance, RAF1, BRAF, and ARAF have higher affinity for
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KRAS mutants than for KRAS WT in HEK293 cells (Figures 2E,F,J,K and S3A). However,
while BRAF and RAF1 have similar affinity for both KRAS mutants, ARAF shows a higher
affinity for KRASG12V (Figure S3A). Importantly, in HKe-3 cells we saw further differences
in the interaction of KRAS proteins with RAF family proteins. ARAF was not identified,
and we saw that both RAF1 and BRAF have much higher affinity for KRASG13D than
for KRASG12V (Figure 2J,K) indicating that there are cell specific factors that regulate the
interaction of the KRAS mutants with RAF family effectors.

Figure 2. (A) Graphical representation of the mass spectrometry affinity purification protocol for
KRAS WT, KRASG13D, and KRASG12V in HEK293 and HKe-3 cell lines. Cells were transfected
with FLAG-tagged KRAS WT, G13D, and G12V DNA constructs. Cells were lysed after 48 h and
incubated with FLAG-M2 conjugated to agarose. Following washes of the beads with lysis buffer,
samples were prepared for trypsin digestion. Mass spectrometer protein searches of the raw data
were conducted using Max Quant to quantify protein abundance associated with each bait. LFQ
intensity of the protein for each condition was used to identify specific KRAS interactors in both cell
lines. Created with BioRender.com. (B) Venn diagram representing the number of specific protein
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interactions binding to KRAS proteins (sorted by gene name) in HEK293 and HKe-3 cell lines (C) Venn
diagram representing the specific interactors of the indicated KRAS proteins identified in AP-MS
proteomics in HEK293 and (D) HKe-3 cell lines. (E–I) graphs show the average LFQ in HEK293
cells of the indicated proteins in immunoprecipitates of KRAS WT, KRASG13D, or KRASG12V as
indicated (n = 3). Error bars show SEM. (J–N) graphs show the average LFQ in HKe-3 cells of the
indicated proteins in immunoprecipitates of KRAS WT, KRASG13D or KRASG12V as indicated
(n = 3). Error bars show SEM.

Other known interactors of KRAS observed in the analysis of the HEK293 cells in-
cluded MLLT4, SOS1, RHOA, RHOC, HRAS, and NRAS. Interactors of KRAS observed in
the HKe-3 cell line included RIN1, ROCK1, HRAS, and NRAS. Interestingly, but perhaps
not surprisingly, we saw that similar to ARAF some of these known interactors were only
detected in one of the cell lines. For instance, MLLT4 and SOS1 were specific to the KRAS
interactome in HEK293 cells (Figures 2H and S3B). On the other hand, the RAS effector
RIN1 was only identified in HKe-3 cell IPs and showed higher affinity for KRASG13D
(Figure 2M). This disparity in the number of interactors may be due to the expression levels
of these proteins in both cell lines or can be specific to certain cell types, tissues, or the
mutational status of oncogenic cell lines. In the case of the KRAS-RIN1 interaction, RIN1 is
not expressed in HEK293 cells according to the Human Protein Atlas [48], explaining why
we do not see this interaction in HEK293. CAT, MAPK3, NRAS, and DOCK7, which were
shown to interact with KRAS baits only in HKe-3 cells (Figures 2N, S2 and S3F and Table
S2), are expressed in both cell lines suggesting that these interactions are cell type-specific.

3.3. Bioinformatic Characterisation of KRAS Protein Signalling Networks Show Correlation
between KRAS Protein Interactomes and Function

We used gene ontology (GO) and pathway reconstruction to broadly determine the
physiological and pathophysiological relevance of our findings. Panther GO enrichment
analysis [49] showed some cell-type-specific variations in biological processes mediated by
the KRAS proteins as a whole. For example, transporter activity GO is overrepresented
in HEK293 but not in HKe-3 while the developmental process is enriched in HKe-3 cells
(Figure 3A). Differences are also shown within each cell type for the GO enriched for specific
mutants. For instance, in HEK293 cells the KRASG12V and KRASG13D interactomes are
significantly enriched in proteins involved in signalling processes and protein binding
versus KRAS WT (Figure S4A,C). However, little differences between KRASG13D and
KRASG12V were observed. Clearer differences between KRASG12V and KRASG13D
interactomes were shown in the HKe-3 cell line (Figure S4B,D). In these cells, KRAS WT
and KRASG12V showed similar percentages of proteins involved in cellular and metabolic
processes compared with the KRASG13D mutant which had more proteins involved in
adhesion and in catalytic activity (Figure S4B,D).

Next, to obtain a network view of the interactomes associated with the three KRAS
proteins in the two cell lines we used StringDB [31]. In HEK293 cells, the network showed a
high number of connections between KRAS (Figure S4E, red halo), which is to be expected
as the dataset includes some of the best-known interactors such as RAF1, BRAF, and FNTA.
Representation of a subnetwork containing highly enriched functional clusters identified an
overrepresentation of proteins that are involved in metabolic processes, mTOR signalling,
and Ras GTPase binding and cell cycle (Figure 3B and Table S3). In the case of HKe-3, the
signalling network of specific KRAS interactors showed an enrichment of proteins involved
in different aspects of RNA binding and metabolism (Figure 3C). Altogether, these results
confirm that the interactomes of KRAS are cell-type-specific and different KRAS proteins
regulate specific effector pathways and functions which is in line with findings in recently
published interactome studies [10].
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Figure 3. (A) The specific KRAS interactomes in HEK293 and HKe-3 cells identified by AP-MS were
input into the Panther analysis tool. Graphs show representation of GO terms enriched for biological
processes (left) and molecular functions (right). (B) Pathway reconstruction and cluster analysis
performed with StringDB show HEK293 specific protein interactors of KRAS that are exclusive to
the HEK293 cell line that are part of functional clusters. Red halo indicates the KRAS node. Edges
represent confidence, line thickness indicates the strength of data support. Proteins coloured red are
involved in RAS GTPase binding. Proteins coloured green are involved in mTOR signalling pathway.
Yellow proteins are involved in Cell cycle-mitotic. Blue are proteins of the farnesyltransferase
complex. (C) Specific protein interactors of KRAS that are exclusive to the HKe-3 cell line were
reconstructed using StringDB. Red halo indicates the KRAS node. Edges represent confidence, line
thickness indicates the strength of data support. Proteins coloured red are involved in RNA binding;
proteins coloured blue are involved in RNA metabolic processing; green proteins are involved with
the spliceosome.

3.4. Experimental Validation Confirms That KRAS Proteins Interactomes Are Differentially
Regulated by KRAS Point Mutation and Shows That RADIL Mediates KRAS-Dependent
Migration in a Mutant Specific Manner

Several of the findings described above can be of special functional relevance. In
particular, we were intrigued by the observation that SOS1 might have different affinities
for KRASG12V and KRASG13D in HEK293 cells (Figure 2H, of note this interactor was not
identified in HKe-3). To validate this finding, we performed IP experiments in HEK293
cells co-transfected with AU5-SOS1 and FLAG-KRAS constructs. Of note, SOS1 expression
levels were consistently lower when KRAS WT was expressed in these cells than when we
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expressed KRAS mutant constructs indicating that KRAS WT overexpression can regulate
SOS1 levels by yet uncharacterised mechanisms. Nevertheless, as shown in the proteomics
experiment, SOS1 had a higher affinity for KRASG13D than for KRASG12V (Figure 4A).
Interestingly, KRAS WT had the highest affinity for SOS1 than any of the KRAS mutants.
This disparity might be explained by the fact that we immunoprecipitated SOS1 while in
the screen we pulled down KRAS complexes. Additionally, we could see that KRASG12C
has similar affinity for SOS1 as KRASG13D, while KRASG12D has a higher affinity for
SOS1 and KRASG12V has the lowest affinity. These differential affinities of KRAS mutants
for SOS1 might have important implications in tumours, as KRAS binds to SOS1 in the
enzymatic pocket but can also regulate its function by binding to an allosteric regulatory
pocket [50]. Unfortunately, our attempts to experimentally distinguish the contribution of
the two binding sites were not conclusive.

Figure 4. (A) HEK293 cells were transfected with the indicated FLAG-tagged KRAS proteins and
AU5-SOS1. Cells were lysed after 48 h and IP of AU5-SOS1 was performed using the specific antibody.
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IPs and cell extracts were blotted with the indicated antibodies. (B) HKe-3 cells were transfected
with empty vector, FLAG-KRAS WT, -KRASG12V, or -KRASG13D. Cell lysates were incubated with
anti-FLAG antibody and immunoprecipitates were blotted with the indicated antibodies. Band
intensities were measured using ImageJ and numbers show fold changes of the ratio RIN1/FLAG
intensity in the IPs. (C) HEK293 cells or HKe-3 cells (D) were transfected with empty vector or the
indicated KRAS plasmids and lysates were IP using FLAG antibody and blotted with the indicated
antibodies. Numbers show fold changes of RADIL/FLAG intensities as measured using ImageJ.
* indicates specific RADIL band in the cell extracts. (E) HEK293 cells were transfected with empty
vector, FLAG-KRAS WT or –KRASG13D. Following 16 h serum deprivation cells were treated with
EGF (3 μM) for the indicated times and lysed 48 h after transfection. FLAG IP was performed
with the cell extracts followed by Western blotting with the indicated antibodies. Numbers show
fold change in RADIL interaction with FLAG-KRAS proteins. Band intensity was measured using
ImageJ. The whole Western blot figures can be found in Supplementary Materials Original Blots
and quantification for Figure 4. (F) NIH3T3 were transfected with 200 ng of FLAG-KRAS WT
(WT), -KRASG13D (G13D), -KRASG12V (G12V), -KRASG12C (G12C), -KRASG12D (G12D), or empty
vector and/or RADIL siRNA (20 nM); 14 days after, transfection plates were fixed and stained with
Giemsa and macroscopic foci were counted. Numbers show average number of foci per 1 ug DNA
+/− standard deviation (SD) (n = 3). (G) Cells transfected as in A were grown to confluence in a
plate with a rubber stopper. Stoppers were removed and images were taken at the indicated times.
Percentage gap closure was quantified using ImageJ and results were normalised to 0 h time point
measurements [36]. Error bars are SEM. ** p value < 0.01, * p value < 0.05.

We also confirmed that RIN1 expression is not detected in HEK293 cells, but it is
expressed in HKe-3 cells where it binds better to KRASG13D than KRASG12V or KRAS
WT (Figure 4B). Finally, we validated the differential interaction of RADIL with the three
KRAS proteins used in the proteomics experiments in both cell lines. In this case, we did
see a very weak interaction with KRAS WT while the two mutants had higher affinity, with
KRASG13D having the highest affinity for RADIL. Moreover, our results showed that the
differential affinity of RADIL for the KRAS mutant isoforms also extends to the mutants
KRASG12C and KRASG12D, that bind this protein with lower affinity than KRASG13D
with KRASG12D, showing the lowest affinity of all the mutants tested (Figure 4C,D). In
order to test if activation of KRAS WT increases its interaction with RADIL, we treated
HEK293 cells with EGF, which caused a clear increase in KRAS WT-RADIL interaction
(Figure 4E). This is similar to recent observations showing that RADIL interaction is
increased upon KRAS WT activation [43]. Importantly, when we performed these ex-
periments, RADIL was not considered a KRAS interactor but since then, data from other
interaction proteomic studies identified this protein as one of the main interactors in AP-MS
experiments using different RAS proteins [37].

Our results confirm that RADIL is an important KRAS interactor protein that is dif-
ferentially regulated by specific KRAS point mutations. Choi et al. showed that this
protein mediates KRAS-dependent proliferation and focal adhesion formation [43] and,
Kelly et al. saw that RADIL mediates KRAS-dependent migration [37]. We decided to
extend the functional characterisation of this interactor with the different KRAS mutants
through functional biological assays. We first tested the possible role of RADIL in KRAS-
dependent cell viability by knocking down RADIL with specific siRNA in HKe-3 cells
expressing the different KRAS mutants. Although RADIL knockdown by specific siRNA
was efficient (Figure S5A), neither expression of the different KRAS proteins nor down-
regulation of RADIL expression affected cell viability (Figure S5A). Next, we tested the
role of RADIL in KRAS-mediated transformation by performing a focus formation as-
say in NIH3T3 cells. We transfected the cells with KRAS WT and the 4 KRAS mutants
and downregulated RADIL protein expression by co-transfection of RADIL siRNA. All
KRAS mutants induced the formation of transformed foci, although with clear differ-
ences (Figures 4F and S5C). KRASG13D showed the lowest transformation effect similar
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to KRAS WT, while KRASG12V, KRASG12C, and KRASG12D produced 5–8 times more
transformed foci than KRASG13D. This result is in line with previous data showing that
KRASG13D has lower transformation efficacy [15,51]. Downregulation of RADIL did not
show a statistically significant effect on the number of foci induced by the different mutants
(Figures 4F and S5B). Finally, given the known involvement of RADIL in cell motility [43]
we studied the role of RADIL in KRAS-dependent migration using a wound healing assay.
Downregulation of RADIL alone did not have any effect on the migration of HKe-3 cells
(Figures 4G and S5C). Surprisingly, KRASG12D was the only KRAS protein that caused
an increase in the migration of these cells. Importantly, this effect is mediated by RADIL
as its downregulation reduced KRASG12D-dependent migration. Remarkably, RADIL
seems to be a downstream effector of another mutant, KRASG12V, which did not increase
migration in these cells. In this case, downregulation of RADIL increased migration of
KRASG12V-expressing cells. Thus, RADIL might be playing different roles in the migration
of tumour cells that express specific KRAS point mutations. This result strengthens the
idea that not all the KRAS mutants have the same functions.

3.5. Sotorasib Shows Off-Target Effects in Cells That Do Not Express KRASG12C

The previous results clearly showed that there are changes in the interactome of KRAS
mutants that can be of relevance for the initiation, development, and evolution of KRAS
tumours. In light of these results, we tested whether the mechanism of action of the newly
approved KRASG12C inhibitors includes the specific regulation of KRASG12C effector
pathways mediated by changes in the interactome. For this, we monitored the effects of
the KRASG12C mutant inhibitor, Sotorasib, on the regulation of the best characterised
RAS effector pathways, RAF and AKT, in cell lines that express different KRAS mutants.
Sotorasib inhibits KRASG12C at nM concentrations but in different studies is used at a wide
range of concentrations [14,52]. Importantly, different groups are using high concentrations
of Sotorasib (5–10 μM) to generate resistant cell lines that can be used to characterise the
mechanisms of resistance to this drug [53–55]. For this reason, we decided to use high
concentrations of Sotorasib in this part of the study. We used RASless mouse embryonic
fibroblasts (MEFs) generated by Drosten et al. [17] that express one of the KRAS mutants and
none of the other RAS (HRAS, NRAS, and KRAS) genes. The advantage of these cell lines
is that we avoid any unspecific regulation of RAS signalling effector pathways that might
be induced by Sotorasib treatment. In addition to MEF-KRASG12C, we assessed the effect
of Sotorasib in MEF-KRAS WT, KRASG12V, and KRASG12D cells should not be affected
by treatment with this drug even at these high concentrations [55]. Sotorasib treatment of
MEF-KRASG12C caused a band shift in this mutant due to the covalent binding of this drug.
This band shift did not occur in the other KRAS proteins (Figure 5A and Figure S6A). As
expected, Sotorasib only inhibited activating ERK1/2 phosphorylation and ERK induced
feedback phosphorylation of RAF1 in MEF-KRASG12C confirming the specificity of this
drug for this mutant. Similar results were observed in HEK293 cells where we could
see that Sotorasib inhibits KRASG12C-dependent activation of the three core kinases of
the ERK pathway (Figure 5B). We also observed an increase in AKT phosphorylation,
similar to what has been described before in cancer cells [56]. Surprisingly, Sotorasib
upregulated phospho-AKT in all four MEF cell lines, especially in MEF cells expressing
KRASG12D (Figure 5A and Figure S6A). The results clearly indicate that Sotorasib must
have other targets that regulate AKT activation independent of KRASG12C. Interestingly,
these targets seem cell-type-specific, as the induction of pAKT by Sotorasib was observed
in MEFs and HKe-3 (Figure S6C), but not in HEK293 cells (Figure 5B and Figure S6B). As
pAKT is constitutively upregulated in Sotorasib-resistant lung and pancreatic cancer cell
lines [57], the off-target activation of AKT may be relevant for the development of resistance
to Sotorasib.
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Figure 5. (A) MEF-KRASG12C, -KRASG12V, and –KRASG12D were treated with the indicated
amount of Sotorasib for 24 h. Cells were lysed, and the indicated proteins were blotted using the
specific antibodies. Numbers show fold changes of phosphorylation of the indicated proteins with
respect to their total level of expression. Intensity was measured using ImageJ 1.5. (B) HEK293
cells were transfected with the indicated constructs; 24 h after transfection the cells were treated
with the indicated concentrations of Sotorasib for 24 h. Cell lysates were blotted with the indicated.
Numbers show fold changes of phosphorylation of the indicated proteins with respect to their total
level of expression. Intensity was measured using ImageJ. Experiments were repeated 3 times. The
whole Western blot figure can be found in Supplementary Materials Original Blots and quantification
for Figure 5.

3.6. Sotorasib Regulates the KRASG12C Interactome and Has Unspecific Effects on the KRAS
WT Interactome

To characterise if Sotorasib’s mechanism of action involves changes in the KRASG12C
interactome, we used the AP-MS proteomic approach described above. Unfortunately,
MEF-KRASG12C cells cannot be used for AP-MS experiments, as the KRASG12C protein
is not tagged and there are no suitable antibodies available for immunoprecipitating
endogenous RAS and its effector proteins. Therefore, we used HEK293 cells transfected
with FLAG-KRASG12C or FLAG-KRAS WT for comparison. Despite the fact that we
immunoprecipitated similar amounts of KRAS WT and KRASG12C and Sotorasib treatment
does not affect their protein expression, we saw lower level of KRASG12C in AP-MS
(Figures 6A,B and S7A and Table S4). This suggested that KRASG12C structure and
Sotorasib binding interfered with the trypsin digestion of FLAG-KRASG12C that is part of
the sample preparation for MS. It is well-known that some protein conformations can be
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resistant to trypsin digestion [58], and it seems that Sotorasib can induce such a protease-
resistant conformation in KRASG12C. To test this, we performed double digestion with
trypsin and LysC, which allowed the full digestion of untreated FLAG-KRASG12C and
improved the digestion of Sotorasib-bound KRASG12C (Figure S7A,B). The partial trypsin
resistance of KRASG12C, however, did not affect the digestion of interacting proteins
co-precipitating with FLAG-KRASG12C (Figure S7C–F). Hence, we used standard trypsin
digestion in the AP-MS experiments to study the effect of Sotorasib on its interactome, as
the dataset was of better quality.

Figure 6. (A) HEK293 cells were transfected with the indicated constructs and 24 h later they were
treated with Sotorasib (5 μM) or DMSO for 24 h. FLAG IP were tryptic digested and analysed by MS.
Graph shows the LFQ intensity of all the samples. *** p value < 0.01. (B) A fraction of the cell lysates
of HEK293 cells used in A were blotted with the indicated antibodies. The whole Western blot figure
can be found in Supplementary materials Original Blots and quantification for (B). (C) Venn diagram
representation of the specific interactors identified in the MS-based proteomic screen in FLAG-KRAS
WT (KRAS WT) or FLAG-KRASG12C (KRASG12C) immunoprecipitates treated with DMSO or
5 μM Sotorasib (i) for 24 h. (D,E) Graphs show average LFQ intensity of the indicated proteins in the
different IPs. Error bars show SEM. * p value < 0.05, ** p value < 0.01.
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Comparing the interactomes of FLAG-KRAS WT and FLAG-KRASG12C plus/minus
Sotorasib treatment showed that 41 proteins were exclusively bound to KRASG12C and
110 interacted only with KRAS WT (Figure 6C). Of the 246 proteins that are specifi-
cally interacting with KRASG12C, 43 are exclusively binding when the cells are treated
with Sotorasib, and 76 proteins are specifically interacting with KRASG12C in untreated
cells (Figures 6C and S7G,I). Remarkably, we also observed that Sotorasib impacts the com-
position of the KRAS WT interactome; 55 proteins are only present in Sotorasib-treated
cells and 39 in untreated cells. Additionally, we could see clear regulation of proteins
that are interacting with both baits in treated and untreated conditions (Figures 6D,E and
S7H,J) including the best-known interactors of KRAS, RAF1, and BRAF. Thus, our screen
shows that Sotorasib changed both the KRASG12C and KRAS WT interactomes. In par-
ticular, the drug abolished the strong interactions of RAF1 and BRAF with KRASG12C,
which explains the inhibition of ERK activation (Figure 6D). The binding to KRAS WT was
much weaker and was not affected by Sotorasib. MLLT4 (Afadin), RADIL, and RAP1GDS
showed a similar behaviour (Figures 6D and S7I). Both MLLT4 and RADIL are bona fide
RAS interactors that bind to GTP-loaded RAS [41,43]. Therefore, this pattern of binding
and inhibition by Sotorasib is expected. Interestingly, Sotorasib also reduced the strong
binding of NRAS to KRAS WT and the weaker binding to KRASG12C (Figure 6E). These
interactions may rely on activation, i.e., GTP-dependent, but not mediated through the
effector domain. These results suggest that Sotorasib interferes with RAS oligomerization
and nanoclustering, which are important for RAS function [59]. Binding to LAMTOR3,
FYN, and STOM, which was stronger in KRAS WT, was increased by Sotorasib treatment
in KRASG12C (Figures 6E and S7J). Interestingly, Sotorasib increased the binding to some
proteins. For instance, binding to JAK1 was increased in both KRAS WT and KRASG12C
(Figures 6E and S7I,J). Altogether, these results suggest indirect or off-target effects, which
can contribute to the Sotorasib mode of action as they affect signalling molecules that play
important roles in malignant transformation.

3.7. Sotorasib Regulates KRASG12C and WT Signalling Networks

We continued our analysis to obtain a systematic view of the Sotorasib-induced
changes on the specific interactomes of KRASG12C and KRAS WT. First, we reconstructed
the interaction network of proteins that are binding to each bait using the STRING database
(Figure S8A,B). The networks are extremely complex and show a high degree of connection
among the nodes, which complicates the identification and representation of functionally
relevant findings. For this reason, we represented the sub-network of the proteins that are
changing their interaction with RAS upon Sotorasib treatment. In the case of KRASG12C,
functional analysis confirms that there is an enrichment of proteins that are part of the
AKT and ERK signalling pathways confirming the central role of these pathways in the
mechanism of action of Sotorasib (Figure 7A). The changes of interaction of these nodes
likely have an effect in some of the proteins that are part of these pathways but do not
change their interaction with KRASG12C in our screen including PIK3R1/2 (the regulatory
subunits of PI3K) or ILK. Interestingly, this analysis shows an increase in interaction with
proteins involved in the functions of the lysosome including STOM, LAMTOR3, and several
members of the ATPV6 complex (grey area Figure 7A). An association of KRAS4B with
ATPV6 and lysosomal localisation was described before [38]. Thus, our data indicate that
Sotorasib induces the localisation of KRAS in the lysosome. Intriguingly, a similar analysis
of Sotorasib-regulated KRAS WT network identified a decrease in interaction of this protein
with the ATPV6 complex indicating that Sotorasib prevents KRAS WT localisation to the
lysosome (Figure 7B). Conversely, proteins involved in RNA recognition motif have an
increased binding to KRAS WT treated with Sotorasib. Finally, JAK1 interaction with
KRASG12C and KRAS WT is increased in cells treated with Sotorasib confirming that this
drug promotes the interaction of this kinase with KRAS proteins. Altogether, these analyses
showed that Sotorasib regulates the KRASG12C interactome but also has clear effect in the
regulation of the KRAS WT interactome.
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Figure 7. (A) Reconstructed network using StringDB of the dynamic interactome of KRASG12C
(grey halo) in HEK293 cells identified in the AP-MS screen. Blue halo on proteins shows significantly
increased binding to KRASG12C versus KRASG12C treated with Sotorasib p < 0.05. Red halos show
significantly increased binding to KRASG12C treated with Sotorasib versus untreated KRASG12C
p < 0.05. Proteins with blue nodes are involved in MAPK, proteins red nodes are PI3K related, and
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green nodes 14-3-3 domain superfamily related. Grey area shows proteins involved in lysosomal
function and edges show evidence for interaction. (B) Reconstructed network using StringDB of the
dynamic interactome of KRAS WT (grey halo) identified in the AP-MS screen. Blue halo on protein
shows significantly increased binding to KRAS WT versus KRAS WT treated with Sotorasib p < 0.05.
Red halo show significantly increased binding to KRAS WT treated with Sotorasib versus KRAS WT
p < 0.05. Proteins with blue nodes are involved in mTOR signalling pathway, proteins red nodes are
RAS GTPase binding. Edges show evidence for interaction. (C) Venn diagram representation of the
proteins identified as specific interactors or KRAS WT and KRASG12C in our study with the proteins
identified to be binding Sotorasib in MIAPaCa cells and heart tissue by Wang et al. [14]. (D) Network
constructed using string DB of the 15 proteins that are in the intersection of the Venn diagram shown
in (C). Edges show evidence for interaction (high confidence).

Although Sotorasib is approved as a KRASG12C-specific inhibitor, different groups
have identified other proteins that bind this drug and we reasoned that some of these
targets might also be part of the KRAS interactome [14,52,60,61]. To explore this, we used
information from one of the studies that have identified proteins that are targeted by
Sotorasib using an MS-based approach [14]. This study identified 183 proteins that bind
Sotorasib and using a Venn diagram analysis we saw that 15 Sotorasib target proteins were
identified in our screen as part of the interactome of KRAS proteins (Figure 7C). Importantly,
these proteins form a highly connected network and include proteins from the cytoskeleton
including VIM, ACTB, and TUB1A/B; and the member of the 14-3-3 proteins YWHAQ
which are key regulators of KRAS downstream effectors (Figure 7D). These data indicate
that at least some of the changes in KRASG12C and KRAS WT interactomes induced by
Sotorasib treatment might be caused by Sotorasib directly targeting protein interactors
of KRAS.

3.8. Validation Experiments Show a New Sotorasib-Regulated Crosstalk of RAS Signalling
with JAK1

To experimentally validate our proteomics results, we performed KRAS immuno-
precipitation assays and monitored the dynamics of the interaction of KRAS WT and
KRASG12C and several of the proteins shown to be changing in the proteomics analysis.
We confirmed that RADIL, RAF1, and BRAF interaction with KRASG12C was severely
disrupted by Sotorasib in HEK293 cells (Figure 8A). Similar results were observed in HKe-3
cells for the interaction of KRASG12C with RADIL and RIN1 which are also downregulated
by Sotorasib (Figure 8B). These validation experiments confirmed that our AP-MS method
accurately identified changes induced by Sotorasib in the interactome of these KRAS pro-
teins. They may differentially regulate its effector signalling pathways and therefore need
to be understood to fully characterise the full mode of action of Sotorasib.

One of the KRAS effector pathways that our results indicated to be modulated by
Sotorasib is the JNK stress pathway, which was shown to be regulated in KRASG12C-
expressing HEK293 cells. Indeed, we observed a clear KRASG12C-dependent activation of
JNK that was completely abolished by Sotorasib treatment (Figure 8C). JAK1 signalling
activation by KRASG12C induced phosphorylation of the STAT3, which was prevented by
Sotorasib treatment (Figure 8C). To the best of our knowledge, this is the first demonstration
that JAK1-STAT signalling may be a KRAS effector pathway, and that this pathway is
modulated by KRASG12C specific inhibitors.

JAK1 has been shown to regulate AKT1 in some cases [62], and we wondered whether
JAK1 activation is related to Sotorasib-induced AKT activation. We tested this using Rux-
olitinib, a JAK1/2 inhibitor used in the clinic [63], alone, or in combination with Sotorasib.
In MEF-KRASG12C cells, there was a much lower level of STAT3 phosphorylation than
in MEF-KRAS WT, but in both cell lines, addition of the JAK inhibitor clearly decreased
the activation of STAT3 (Figure 8D). No changes in AKT1 phosphorylation were observed
upon Sotorasib and Ruxolitinib combination treatment in MEF-KRASG12C cells indicating
that JAK1 is not responsible for the Sotorasib-induced AKT activation in this cell line. In
the case of MEF-KRAS WT, combination of Sotorasib and Ruxolitinib induced an increase
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in AKT phosphorylation indicating that the crosstalk of this protein with JAK is different to
the KRASG12C-JAK1 crosstalk (Figure 8D). Similarly, we observed an increase in ERK1/2
phosphorylation in MEF-KRAS WT cells treated with Ruxolitinib, while the same treatment
did not have any effect in ERK1/2 activation in MEF-KRASG12C. Finally, we observed
an increase in caspase three cleavage in cells treated with the combination of KRASG12C
and JAK1/2 inhibitors in MEF-KRAS WT but not in cells treated with either one of the
treatments. In MEF-KRASG12C caspase cleavage was higher in all treatment conditions, in-
dicating that there is an increase in apoptotic signalling in these cells. Finally, an important
observation from these treatments was a conspicuous increase in the expression of KRAS
WT and KRASG12C in cells treated with Ruxolitinib. This unexpected observation indicates
that JAK signalling has an important role in the regulation of KRAS protein expression.
Altogether, these results validate the findings from our proteomic screening and extend the
characterisation of Sotorasib’s mechanism of action.

Figure 8. (A) HEK293 cells were transfected with the FLAG-KRAS WT or –KRASG12C; 24 h. Cells
were treated with DMSO or 5 μM Sotorasib for 24 h. Cells were lysed and immunoprecipitated with
FLAG antibody. IPs and cell extract were blotted with the indicated antibodies. (B) HKe-3 cells were
transfected with the FLAG-KRAS WT or –KRASG12C. The cells were treated with DMSO or 5 μM
Sotorasib for 24 h. Cells were lysed and immunoprecipitated with FLAG antibody. Proteins in IPs
and cell extract were blotted with the indicated antibodies. (C) HEK293 cells treated as in A were
blotted for the indicated antibodies. Numbers show fold changes in the level of phosphorylation
of the indicated proteins. Intensities were measured using ImageJ. (D) MEF-KRAS WT and MEF-
KRASG12C were treated with 5 μM Sotorasib and/or 5 μM Ruxolitinib as indicated for 24 h. Cells
were lysed and the proteins were blotted with the indicated antibodies. The whole Western blot
figure can be found in Supplementary Materials Original Blots and quantification for Figure 8.

4. Discussion

Our study aimed to extend our characterisation of KRAS-interacting proteins and
mapping the signalling networks regulated by KRAS WT and oncogenic mutants. The
initial proteomics screen clearly showed that KRAS WT and two of the most common KRAS
mutants, KRASG12V and KRASG13D, interact with different affinities to specific binding
proteins. These results also show that the interactome of these proteins varies in the three
cell lines that we used for the study. These findings are in line with several works that have
used different MS-based proteomics approaches to identify the interactome of different
RAS proteins [10,37–41,46,47,64]. One of the challenges of using AP-MS approaches is
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that some of the protocols used might not be suitable to identify transient interactions.
To overcome this problem, several of the proteomic screens performed so far have used
BioID [5,64], which potentially can identify transient and weak interactions of proteins
within a ~10 nm radius of the bait [65]. However, our more direct approach clearly identifies
interactors that have transient interaction with KRAS including the main effectors RAF1,
BRAF, and PI3K. Moreover, we can quantify differences in affinities of a significant number
of known and newly identified KRAS interactors including the best characterised GEF of
the RAS family SOS1 [2] in HEK293 cells which, to the best of our knowledge, has not
been identified using any other MS-based approaches reported to date. In the proteomics
dataset SOS1 was shown to have much higher affinity for KRASG13D than KRASG12V
and experimentally we show that KRASG12D and KRASG13D have the highest affinity
for SOS1 while KRASG12V has very low affinity. This is an unexpected observation as
KRASG13D was shown to be less dependent on SOS1 for activation than KRASG12V [9].
Although the functional relevance of this finding needs further studies, it is possible that
the mutants with higher affinity can be binding to an allosteric pocket described by Bar
Sagi’s group which regulates a positive feedback loop that has been proposed to promote
tumorigenesis by activating RAS WT isoforms [50]. This might explain the higher level of
activation of ERK1/2 when we overexpress KRASG13D.

Our method is also simpler to perform, as it does not rely on the expression of biotin
ligase fusion proteins. It must be noted that a disadvantage of both methods is that it is not
possible to differentiate between direct and indirect interactors of KRAS which requires
further experimental validation or the use of crosslinking protocols suitable for AP-MS
proteomics. Nevertheless, our approach is clearly suited to identify dynamic changes in
KRAS protein interactomes and shows a great sensitivity to identify true interactors. This
is extensively confirmed experimentally with our validation of the interaction of SOS1,
RIN1, and RADIL with KRAS WT, KRASG12V, and KRASG13D. Our characterisation of the
specific interactomes associated with KRAS mutants has been extended by including in our
validation experiments two additional KRAS isoforms, KRASG12C and KRASG12D, which
also show differential binding to several of the proteins studied. Hence, the work presented
here elucidates a complex signalling network that shows common and specific modules for
each KRAS isoform tested and further contributes to identify the growing number of RAS
effector pathways. It must be noted that overexpression of RAS proteins and in particular
KRAS mutant proteins at similar levels is sometimes challenging as shown in several of our
experiments and in the literature [35,66]. Remarkably, this was also shown in the MEFs cells
that express different levels of each KRAS mutant. This might be due to activation of pro-
apoptotic signals by some mutants [67], rare codon stabilisation of KRAS transcripts [68], or
existence of expression sweet spots [69]. To take these variations into account and minimise
overinterpretation, we made sure that in all the immunoprecipitation experiments we have
similar levels of KRAS proteins and quantified our results. Nevertheless, the findings
further support the idea that not all KRAS mutations are equal, and that a given point
mutation may be associated with specific pathological effects in tumour cells’ signalling
networks. Overall, the results from our study must be considered in conjunction with
previous reports that focus on mapping RAS protein interactomes and highlight the need
to extend these screens to identify cell specific proteomes of all RAS isoforms.

Importantly, our work goes further than previous proteomics screens as, for the first
time, we characterised the changes caused by Sotorasib in the KRAS WT and KRASG12C
interactomes. This KRASG12C-specific inhibitor is already approved for the treatment
of lung cancer but resistance to treatment develops quickly [13]. Additionally, unspecific
effects have been reported and it has also been shown to have effects in cell lines regardless
of KRAS mutation status [70,71]. Reports also indicate that several patients develop severe
side effects which indicate that at therapeutic concentration the drug has a systemic impact
affecting cells that do not express KRASG12C [13]. One important consideration is that
we used very high concentrations of Sotorasib in our study and some of the changes in
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KRASG12C and KRAS WT interactomes that we see in our screen might not occur at nM
concentrations of Sotorasib.

Our screen helps delineate the mechanism of action of this drug and can explain some
of the side effects of Sotorasib. With respect to the mechanism of action, the dynamic
changes shown in AP-MS confirms that it requires the regulation of the interactions of
this mutant with effector proteins, something that was shown already for RAF1 and
BRAF [37]. As expected, the interaction of these two bona fide effectors is prevented by
Sotorasib treatment in our experiments, and this is accompanied by inhibition of ERK1/2
phosphorylation. Interestingly, we saw that Sotorasib also promotes the interaction of
KRASG12C with other known KRAS regulators, such as members of the SRC family,
i.e., LYN and FYN. With respect to the possible off-target effect of Sotorasib we also
characterized an unexpected modulation of the KRAS WT interactome. These experiments
indicated that Sotorasib can regulate the interactome of KRAS WT in a way that seems
significant but needs further investigations.

Additionally, we consistently observed a cell-type-specific increase in activating AKT
phosphorylation in MEFs and HKe-3, but not HEK293. Activation of AKT upon Sotorasib
treatment has been associated with resistance to this treatment in patients and is reported in
several cell lines [13,57,71,72]. Importantly, our AP-MS approach identified clear changes
in the interactomes of both KRAS WT and KRASG12C that potentially can explain the
Sotorasib-induced AKT activation. Candidates for mediating this effect detected in our
screen include PIK3R1/2, G-coupled receptor proteins, and ILK, which might contribute
to the unspecific activation of AKT in these cells. It is worth noting our analysis shows
that some of the changes shown in the interactomes of KRASG12C and KRAS WT upon
Sotorasib treatment can be explained by the direct effect of Sotorasib on some of the proteins
identified which are shown to be targeted by this drug in previous studies (i.e., ACTB, VIM
or RAN) [14].

One important new finding from our study is the identification of a Sotorasib-regulated
interaction between KRAS and JAK1 that has not been highlighted before. Reassuringly,
it must be noted that a recent proteomics screen performed by the Kiel group using a
similar protocol also pulled down JAK1 and STAT3 as specific interacting proteins of KRAS
WT, KRASG12C, KRASG12V, and KRASG12D [47]. In our AP-MS proteomics experiment,
we see that Sotorasib increases JAK1-KRAS interaction and at the molecular level we
demonstrate that Sotorasib causes an inhibition of STAT3 phosphorylation in HEK293
cells but not in MEF cells that express only one of the KRAS proteins. This finding is
particularly intriguing as it indicates that JAK1 might be specifically interacting with
KRAS bound to GDP and this interaction prevents JAK1-dependent activation of STAT
signalling. This new connection between KRAS and JAK-STAT signalling might be of
clinical relevance as JAK1 inhibition has been shown to reduce murine KRAS mutant
adenocarcinoma progression [63]. We show that the clinically approved JAK1/2 inhibitor
Ruxolitinib increases caspase three cleavage in MEF-KRASG12C cells but not in MEF-KRAS
WT. Remarkably, this experiment led to the unexpected observation that JAK1 inhibition
alone causes a significant increase in expression of both KRAS WT and KRASG12C. Taking
into account evidence from clinical trials that show an effect of JAK1 inhibitors in EGFR
and possible KRAS mutant tumours (NCT02155465, NCT02145637, NCT02917993, and
NCT03450330) [63], this serendipitous finding might be of relevance to explain a possible
mechanism of action of JAK inhibitors in cancer. One possibility is that JAK1 inhibitors,
among other mechanisms, might induce high levels of mutant KRAS expression that leads
to the activation of the apoptotic pathways mediated by this RAS isoform [2,73]. It must be
noted that this is an acute increase in KRAS expression, which might have very different
effects than KRAS overexpression caused by gene amplification that has been associated
with resistance to EGFR and KRAS targeted therapies in colorectal cancer cell lines [72].
Finally, our study extends the basic knowledge of the known crosstalk between the JAK
and KRAS pathways. The role of JAK-STAT module in the RAS signalling network seems
to be at different levels as exemplified by a recent study from Baccarini’s group showing a
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RAF1 kinase-independent regulation activation of STAT3 signalling in CRC [74]. It would
be interesting to test in future studies if Sotorasib can somehow regulate this effect.

5. Conclusions

In summary, this work extends our knowledge about the variety of functional path-
ways that KRAS proteins are mediating and confirms that the interactome of different
KRAS mutants show important differences. Some of these new findings might prove
important to explain the differences among KRAS mutant proteins in the promotion of
cell transformation, tumour development, drug sensitivity, and maintenance of human
tumours [1,2,4,16]. We also show evidence that performing proteomics screens is important
to characterise the mechanisms of action of the recent FDA approved RAS targeting drugs
and the new ones in drug development. Ultimately, determining if a RAS inhibitor prevents
the interaction and/or regulation of specific RAS interactors can predict the mechanism of
resistance that can hamper the effect of these novel therapies.
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Simple Summary: Codon 61 RAS mutations are rare in metastatic colorectal cancer. Despite being
associated with primary and acquired resistance to anti-EGFR agents, little is known about their
phenotype and prognostic impact. We retrospectively investigated the clinicopathological features
and prognoses of 50 patients with tumors harboring codon 61 RAS mutations compared to 648 codon
61 RAS wild-type tumors. We identified a significant correlation between codon 61 RAS mutations
and metastatic involvement of the peritoneum and ovary and a negative prognostic impact. This is
the first evidence of an impact of RAS mutational status on the metastatization pattern. These results
are of great interest given the high frequency of codon 61 RAS mutations as mechanisms of secondary
resistance to anti-EGFRs and the advent of RAS inhibitors. This is the widest codon 61 RAS-mutated
cohort reported so far; nevertheless, these findings must be validated in larger studies.

Abstract: RAS mutations involving codon 61 are rare in metastatic colorectal cancer (mCRC), ac-
counting for only 1–4%, but they have recently been identified with high frequency in the circulating
tumor DNA (ctDNA) of patients with secondary resistance to anti-EGFRs. This retrospective mono-
centric study aimed to investigate the clinical phenotype and prognostic performance of codon
61 RAS-mutated mCRC. Fifty patients with codon 61 RAS-mutated mCRC treated at our institution
between January 2013 and December 2021 were enrolled. Additional datasets of codon 61 RAS
wild-type mCRCs (648 patients) were used as comparators. The endpoint for prognostic assessment
was overall survival (OS). Metastatic involvement of the peritoneum or ovary was significantly more
frequent in codon 61 RAS-mutated mCRC compared to codon 61 RAS wild-type (54 vs. 28.5%),
non-codon 61 RAS-mutated (35.6%), BRAF V600E-mutated (25%), and RAS/BRAF wild-type (20.5%)
cohorts. At a median follow up of 96.2 months, the median OS for codon 61 RAS-mutated patients
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was significantly shorter compared to RAS/BRAF wild-type (26.9 vs. 36.0 months, HR 0.56) pa-
tients, while no significant difference was observed compared to non-codon 61 RAS-mutated and
BRAF V600E-mutated patients. We showed a negative prognostic impact and a statistically signifi-
cant correlation between codon 61 RAS mutations and metastatic involvement of the peritoneum
and ovary.

Keywords: colorectal adenocarcinoma; RAS; metastatic colorectal cancer; RAS signaling; Codon 61;
MAPK pathway; RAS effectors; KRAS inhibitors; resistance

1. Introduction

Nowadays, while the molecular classification of colorectal cancer (CRC) is becoming
more and more complex [1], rat sarcoma virus (RAS) mutational status remains a key
determinant in every turning point in patients’ therapeutic algorithm [2]. Together with
NRAS and HRAS, KRAS is a gene belonging to the RAS family, which encodes guanosine-
5′-triphosphate (GTP)-binding proteins, important effectors of ligand-bound epidermal
growth factor receptor (EGFR) signaling through the mitogen-activated protein kinase
(MAPK) axis [3]. KRAS mutations affect approximately 30–40% of metastatic CRC (mCRC),
with mutations involving codons 12 and 13 being the most represented, occurring in
about 85–90% of cases [3,4]. Several studies have demonstrated their role as predictive
biomarkers of resistance to anti-EGFR agents [5–7]. Hence, all patients diagnosed with
mCRC require RAS profiling before the administration of anti-EGFRs agents (cetuximab or
panitumumab) [8–14].

Codon 61 mutations are less prevalent, affecting 1–4% of patients with mCRC. Simi-
larly to other RAS mutations, these alterations are responsible for a constitutive activation of
the RAS/RAF/MAPKs pathway, resulting in oncogenic activity and cell proliferation [15].
Furthermore, in KRAS codon 12 and 13, wild-type mCRCs codon 61 mutations have been
linked to resistance to anti-EGFR therapies [16,17]. Recently, codon 61 variants have been
identified with high frequency in the circulating tumor DNA (ctDNA) of patients with
mCRC with secondary resistance to anti-EGFR agents [18–21], with a prevalence of 50%
in the CHRONOS trial [18]. Other rare KRAS mutations involve exon 4, codon 117, and
codon 146. Similarly to more frequent RAS mutations, mutations involving codon 117 and
146 have been associated with resistance to anti-EGFRs therapies [22,23]. Moreover, a large
analysis showed a higher incidence of codon 117 and 146 in older patients [24].

Despite its growing clinical relevance, little is known about the clinicopathological and
molecular features and prognosis of mCRCs harboring RAS codon 61 mutations and their
differences with more common codon 12 and 13 mutations, as well as and their impact on
prognosis. In 2014, a cohort study by Imamura et al. [25] reported the clinicopathological
and molecular features of 19 KRAS codon 61-mutated mCRC to be similar to KRAS codon 12-
and 13-mutated mCRCs. Another study found a weak tendency for peritoneum localization
in a population of 14 patients with codon 61 RAS-mutated CRC [26]. In our study, we
aimed to further investigate the clinical characteristics and prognosis of patients with
mCRC harboring RAS codon 61 mutations treated at our institution compared to those
harboring other non-codon 61 RAS-mutated and wild-type tumors.

2. Materials and Methods

This is an observational, retrospective, monocentric study. The study was approved
by the local Ethics Committee of Fondazione Policlinico Universitario Agostino Gemelli
IRCCS, Rome, Italy (protocol number 0054049/2019 18 December 2019). The objective of
the study was to investigate and describe clinical phenotype and prognostic performance
of mCRCs harboring RAS codon 61 mutations.

We examined the medical records of patients diagnosed with mCRC who were treated
at our center from January 2013 through December 2021. Eligible subjects were those
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patients whose tumors carried mutations involving codon 61 of RAS gene and were evalu-
able for survival after at least one line of therapy. We collected data regarding bbaseline
demographic and clinical characteristics, first-line treatment, and survival from medical
records, while histological reports were used to gather pathological and molecular data.
The following baseline demographic and clinical characteristics were collected: sex, age,
Eastern Cooperative Oncology Group performance status (ECOG PS) at diagnosis, primary
tumor location, onset of metastatic disease, number of metastatic sites, site of metastases,
presence of peritoneal and/or adnexal metastases, mucinous histology, grade of differentia-
tion, RAS/BRAF mutational status, microsatellite instability/mismatch repair (MSI/MMR)
status, treatments received (surgery, neoadjuvant or adjuvant chemotherapy, first-line
chemotherapy), investigator-assessed best response according to Response Evaluation
Criteria in Solid Tumors (RECIST) 1.1 criteria, and survival. RAS and BRAF mutational
status was assessed by means of next-generation sequencing (NGS) or pyrosequencing on
formalin-fixed, paraffin-embedded (FFPE) archival tumor tissue samples from primary
tumor or metastases. Expression of MMR proteins (MLH1, MSH2, MSH6, and PMS2) was
performed via immunohistochemistry. MSI status was assessed via NGS.

Additional datasets of patients affected by mCRC without codon 61 RAS mutations
(codon 61 RAS wild-type) treated at out center during the same time frame were used as
comparators. Among this group of patients, we identified three different molecular sub-
groups, which included, respectively, patients with an RAS-mutated disease not involving
codon 61 (non-codon 61 RAS-mutated mCRCs), patients with mCRC harboring a BRAF
V600E mutation (BRAF V600E-mutated mCRCs), and patients with an RAS and BRAF
wild-type disease (RAS/BRAF wild-type mCRCs).

For categorial data, counts and percentages were reported using a descriptive method;
for continuous variables, median and range were provided. Fisher’s exact test or the
chi-square test, when applicable, were used to compare group differences for categorical
variables. Overall survival (OS), defined as the time occurring between the diagnosis of
metastatic disease to the date of death from any cause, was the endpoint for prognostic
analysis. All patients were followed up until death or the time of database lock (January
2023). Patients not experiencing events were censored at the date of last follow up. Survivals
were estimated with the Kaplan–Meier method and compared using the log-rank test.
Statistical significance was set at p = 0.05. Statistical analyses were performed using
MedCalc version 14.8.1.

3. Results

Between January 2013 and January 2023, a total of 50 patients with a diagnosis of
mCRC harboring an RAS codon 61 mutation were included in our analysis. Of those,
28 mutations (56%) affected KRAS and 22 (44%) NRAS. Patients and disease characteristics
are summarized in Table 1.

Median age at diagnosis was 65 years (range 34–86 years). Nineteen patients were
males (38%) and thirty-one were females (62%). Patients were mainly in good clinical
conditions at the time of diagnosis (88% with an ECOG PS 0 or 1). Thirty-six patients
(72%) had a left-sided primary tumor, and thirty-three patients (66%) had a synchronous
metastatic disease. The most frequent site of metastases was liver (24 patients, 48%),
followed by peritoneum or ovary (16 patients, 32%), lymph nodes (15 patients, 30%), and
lungs (11 patients, 22%). Moreover, 27 patients (54%) developed metastases involving
the peritoneum or ovary during their clinical history. The majority of patients received
resection of primary tumor (40 patients, 80%). Twenty nine patients (58%) underwent a
first-line therapy which included bevacizumab. As chemotherapy regimen, twenty nine
patients (58%) received mFOLFOX6 (with or without bevacizumab), while FOLFIRI (with
or without bevacizumab) was administered in nine patients (18%). Only three patients were
treated with FOLFOXIRI plus bevacizumab (6%), whereas nine patients (18%) received
other regimens (such as a fluoropyrimidine, alone or in combination with bevacizumab).
Twenty patients (40%) received only one line of therapy, while ten patients (20%) received
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two lines, thirteen patients (26%) received three lines, five patients (10%) received four lines
and, only two patients (4%) received five lines of therapy.

Table 1. Codon 61 RAS-mutated patients characteristics.

Characteristics N = 50 (%) KRAS (n = 28) NRAS (n = 22)

Age (at metastatic diagnosis),
median (range)

65 yrs (34–86 yrs) 65 yrs (41–86 yrs) 63 yrs (34–84 yrs)

ECOG PS

0 25 (50%) 15 (53%) 10 (45%)

1 19 (38%) 8 (28%) 11 (50%)

2 6 (12%) 5 (19%) 1 (5%)

Sex
Male 19 (38%) 10 (36%) 9 (41%)

Female 31 (62%) 18 (64%) 13 (59%)

Previous surgery
Y 40 (80%) 22 (79%) 18 (82%)

N 10 (20%) 6 (21%) 4 (18%)

Metastatic at diagnosis
Y 33 (66%) 19 (68%) 14 (64%)

N 17 (34%) 9 (32%) 8 (36%)

Primary tumor location
Right 14 (28%) 8 (29%) 6 (27%)

Left 36 (72%) 20 (71%) 16 (73%)

Sites of metastatic disease at diagnosis

Liver 24 (48%) 12 (43%) 12 (54%)

Lung 11 (22%) 7 (25%) 4 (18%)

Nodes 15 (30%) 8 (28%) 7 (32%)

Peritoneum/Ovary 16 (32%) 7 (25%) 9 (41%)

Other 5 (10%) 3 (10%) 2 (9%)

Peritoneal and/or ovarian metastasis
Y 27 (54%) 13 (46%) 14 (64%)

N 23 (46%) 15 (54%) 8 (36%)

First line chemotherapy regimen

FOLFOXIRI +/− bevacizumab 3 (6%) 0 3 (14%)

FOLFOX +/− bevacizumab 29 (58%) 20 (71%) 9 (41%)

FOLFIRI +/− bevacizumab 9 (18%) 3 (11%) 6 (27%)

Other 9 (18%) 5 (18%) 4 (18%)

Total number of treatment lines

1 20 (40%) 15 (53%) 5 (23%)

2 10 (20%) 5 (18%) 5 (23%)

3 13 (26%) 6 (21%) 7 (32%)

4 5 (10%) 1 (4%) 4 (18%)

5 2 (4%) 1 (4%) 1 (4%)

RAS mutation

KRAS 28 (56%)

Q61X 15 (30%)

Q61H 6 (12%)

Q61L 3 (6%)

Q61R 2 (4%)

G61X 2 (4%)

NRAS 22 (44%)

Q61R 8 (16%)

Q61K 8 (16%)

Q61L 5 (10%)

G61H 1 (2%)

ECOG PS: Eastern Cooperative Oncology Group performance status; N: no; Y: yes; yrs: years.

The comparator dataset included 648 consecutive patients with codon 61 RAS wild-
type mCRC treated at our institution during the same time frame. This group included
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326 patients (50.3%) with an RAS-mutated disease not involving codon 61 (non-codon
61 RAS-mutated mCRCs), 254 patients (39.2%) with an RAS and BRAF wild-type disease
(RAS/BRAF wild-type mCRCs), and 68 patients (10.5%) with a BRAF V600E-mutated
disease (BRAF V600E-mutated mCRCs). The probability of experiencing peritoneal or
ovarian metastases was statistically significantly higher in patients with codon 61 RAS-
mutated mCRC than in patients with codon 61 RAS wild-type mCRC (54% vs. 28.5%,
p = 0.000163) (Figure 1). More specifically, the rate of peritoneal or ovarian metastases
was higher in the codon 61 RAS-mutated cohort also when compared to the non-codon
61 RAS-mutated cohort (54% vs. 35.6%, p = 0.012495), BRAF V600E-mutated cohort (54%
vs. 25%, p = 0.001286), and RAS/BRAF all wild-type cohort (54% vs. 20.5%, p < 0.00001)
(Figure 1).

Figure 1. Probability of experiencing peritoneal or ovarian metastases according to RAS and BRAF
mutational status.

At a median follow up of 96.2 months (95% confidence interval (CI), 92.4–109.0
months), 40 death events were reported in the codon 61 RAS-mutated cohort and 556
in the comparator dataset. Median OS (mOS) was 26.9 months (95%CI 21.6–31.4 months)
for the codon 61 RAS-mutated cohort and 31.5 months (95%CI 30.0–33.8 months) for the
codon 61 RAS wild-type dataset (hazard ratio (HR) 0.69, 95%CI 0.47–1.00; p = 0.0221)
(Figure 2).

Moreover, dissecting the comparator dataset in accordance with RAS and BRAF
mutational status, mOS was confirmed to be significantly shorter for the codon 61 RAS-
mutated cohort compared to the RAS and BRAF wild-type cohort (mOS 36.0 months,
95%CI 32.1–41.7 months; HR 0.56, 95%CI 0.37–0.85; p = 0.0006) (Figure 3A). On the contrary,
no statistically significant difference was observed compared to the non-codon 61 RAS-
mutated cohort (mOS 30.2 months, 95%CI 27.5–33.1 months; HR 0.76, 95%CI 0.52–1.09;
p = 0.0993) (Figure 3B) and the BRAF V600E-mutated cohort (mOS 22.6 months, 95%CI
17.8–31.1 months; HR 0.97, 95%CI 0.64–1.48; p = 0.9124) (Figure 3C).
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Figure 2. Overall survival according to codon 61 RAS mutational status.

 A 

Figure 3. Cont.
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Figure 3. Overall survival according to codon 61 RAS mutational status. (A) Codon 61 RAS-mutated
vs. RAS/BRAF wild-type patients. (B) Codon 61 RAS-mutated vs. non-codon 61 RAS-mutated
patients. (C) Codon 61 RAS-mutated vs. BRAF V600E-mutated patients.

4. Discussion

In our study, we demonstrated that codon 61 RAS-mutated mCRCs display a tropism
for metastatic spread to the peritoneum and ovary and have a negative prognostic impact.

We found out that patients with mCRC harboring codon 61 RAS mutation are more
likely to experience peritoneal or ovarian metastases during their clinical history. Indeed,
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the incidence of peritoneal or ovarian involvement was significantly higher in the codon 61
RAS-mutated cohort than in the comparator dataset including mCRC without codon 61
RAS mutations (54 vs. 28.5%, p = 0.000163). The higher tropism for the peritoneum and
ovary of codon 61 RAS-mutated mCRCs retained statistical significance when compared to
all molecular subgroups of the control dataset (p = 0.012495, p = 0.001286, and p < 0.00001,
compared to non-codon 61 RAS-mutated, BRAF V600E-mutated, and RAS/BRAF all wild-
type cohort, respectively). This feature might be related to the worse prognostic impact.
To our knowledge, this is the first evidence of an impact of RAS mutational status on
metastatization pattern in colorectal tumors. Although involving a small population, this
evidence might lead to a more accurate surveillance for peritoneal spread, such as diagnos-
tic laparoscopy before primary tumor resection or routine peritoneal washing sampling.
Moreover, this evidence might have pivotal implication in the era of neoadjuvant treatment
of colon cancer that we are currently approaching [27]. Confirmation of a peritoneal or
ovarian tropism could support therapeutic approaches such as prophylactic hyperther-
mic intraperitoneal chemotherapy (HIPEC) in combination for stage II–III primary tumor
resection or in combination with cytoreductive surgery (CRS) for a stage IV disease in
this category of patients. Thus, whether this evidence were validated, codon 61 RAS
status should be taken into account in a routine clinical approach and might be used as a
stratification factor when planning surgical trials (either prophylactic or therapeutic). The
COLOPEC trial failed to show the efficacy of adjuvant HIPEC with oxaliplatin, delivered
at the time of primary tumor resection or within 5–8 weeks, for T4 or perforated stage II–III
colon cancer [28]. Compared to the control arm, there was no difference in the peritoneal-
free survival rate at 18-months [28]. Accordingly, the PROPHYLOCHIP trial did not show
benefit in terms of disease free-survival for second surgical look combined with HIPEC
compared to surveillance in patients at a high risk of developing peritoneal metastases [29].
Concerning stage IV disease, the PRODIGE 7 trial failed to show an additional benefit, in
terms of OS and disease-free survival, of combining oxaliplatin-based HIPEC with CRS [30].
Based on this evidence, HIPEC is not currently recommended, neither in adjuvant settings
nor in combination with CRS for stage IV disease [2,31]. We postulate that codon 61 RAS
mutations might be used as stratification factors or even inclusion criteria to optimize the
selection of patients that can benefit from adjuvant or therapeutic HIPEC in future studies.

Furthermore, recently published analyses of colorectal peritoneal metastases microen-
vironment demonstrated a predominance of the consensus molecular subtype (CMS) 4,
which is associated with the infiltration of regulatory T cells and macrophages that inhibit
immune response [32]. This could unveil a role for immunotherapy regimens in this set-
ting in order to overcome these inhibitory mechanisms and to control peritoneal disease.
Patterns of tumor-infiltrating lymphocyte expression in peritoneal nodes seem also to be
associated with a better surgical outcome and improved OS, particularly in the case of
low-volume disease, providing a possible patient selection for peritoneal cytoreductive
surgery and HIPEC, as well as novel pathways for effective immunotherapy [33].

Our data showed a negative prognostic impact of codon 61 RAS mutations compared
to RAS/BRAF wild-type disease, while no difference in terms of OS was observed compared
to other non-codon 61 RAS-mutated tumors and BRAF V600E-mutated tumors. After a
median follow up of 96.2 months (95%CI 92.4–109.0), median OS was significantly shorter
in tumors harboring RAS codon 61 mutations compared to those harboring wild-type codon
61 (26.9 vs. 31.5 months, p = 0.0221). The negative prognostic impact of codon 61 RAS
mutations was retained compared to RAS/BRAF wild-type tumors (26.9 vs. 36.0 months,
p = 0.0006). This negative prognostic role in colon cancer differs from what is observed in
other diseases such as pancreatic adenocarcinoma, where RAS codon 61 mutations showed
a significantly improved survival [34].

We showed that mCRCs harboring RAS codon 61 mutations have distinct clinical
and biological behaviors. This is of great interest given the high frequency of codon
61 RAS mutations as mechanism of secondary resistance to anti-EGFR agents and the
advent of RAS inhibitors [35]. The acquired RAS codon 61 mutations could play a role
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in developing resistance to EGFR inhibitors, being enriched in the setting of secondary
resistance in mCRCs treated with anti-EGFR agents [36]. Notably, the incidence of acquired
RAS codon 61 mutations differs according to the treatment line and to the administration in
combination with doublet cytotoxic chemotherapy. Indeed, the analysis of paired plasma
samples from patients with RAS/BRAF wild-type mCRC treated with anti-EGFR agents
showed a low incidence of acquired KRAS codon 61 mutations in patients treated in the
first line in combination with chemotherapy. On the contrary, patients treated with single-
agent anti-EGFR in the third line were more likely to develop acquired mutations. Of
those, 63% were KRAS codon 61 mutations [37]. In the CRICKET trial [38], RAS mutations
were identified in 48% of liquid biopsy samples collected at the baseline of the anti-EGFR
rechallenge; of those, 17% involved codon 61. Furthermore, codon 61 variants have been
recently identified with high frequency in the ctDNA of patients with mCRC with secondary
resistance to anti-EGFR agents [18–21], with a prevalence of 50% in the CHRONOS trial [18].

Despite many years of effort, only lately have anti-RAS therapies reached clinical
application. This is probably linked to the great complexity of RAS, not only in CRC but
also in other tumors. The RAS gene isoforms display notable variations in the frequency
of mutations at each of the three hotspots (G12, G13, and Q61), which have distinct
structural and biochemical defects [39]. Recently, novel KRAS G12C inhibitors, alone or in
combination with EGFR inhibitors, showed promising results [40–44]. Finally, the phase
III CodeBreaK 300 trial showed that dual KRAS G12C and EGFR blockade with sotorasib
and panitumumab in refractory RAS G12C-mutated mCRCs is associated with longer
progression-free survival and a higher response rate than the standard treatment [45].

Our study has several limitations. First of all, the small sample size and the mono-
institutional design do not allow us to extend our conclusions to the general population.
Nevertheless, we should point out that this is the widest codon 61 RAS-mutated cohort
reported so far. Moreover, selection biases are inevitable, given the retrospective nature
of our analysis. Wider, multicentric, and prospective trials are warranted to confirm our
results and investigate the possible prophylactic and therapeutic implications.

5. Conclusions

In our study, we identified a statistically significant correlation between codon 61
RAS mutations and metastatic involvement of the peritoneum and ovary. This is the first
evidence of an impact of RAS mutational status on the metastatization pattern in colorectal
tumors. This evidence could lead to new prophylactic applications in preventing peritoneal
spreading in this specific group of patients.

Differently to what we have thought for years, “not all RAS mutants are created equal”,
as Hobbs et al. stated [36], and our aim in the future is to better characterize each of them,
leading to new therapeutic strategies.
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Simple Summary: The prognosis for patients with relapsed neuroblastoma is poor, and novel
treatment options for these patients are needed. Some relapsed neuroblastoma tumors harbor
activating mutations in the RAS/MAPK pathway. In prior studies, single agent MEK or IGF1R
inhibitors induced transient responses as single agents in neuroblastoma models. In this study,
we tested the efficacy of a combination of the MEK inhibitor trametinib and the IGF1R inhibitor
ganitumab in RAS-mutated neuroblastoma models. While the trametinib/ganitumab combination
decreased cell viability and tumor growth, the combination did not prevent metastasis of RAS-
mutated neuroblastoma. Therefore, further studies on the effect of trametinib and ganitumab on
neuroblastoma metastasis are necessary before initiating clinical trials of this combination of targeted
agents in patients with relapsed neuroblastoma.

Abstract: Activating mutations in the RAS/MAPK pathway are observed in relapsed neuroblas-
toma. Preclinical studies indicate that these tumors have an increased sensitivity to inhibitors of the
RAS/MAPK pathway, such as MEK inhibitors. MEK inhibitors do not induce durable responses as
single agents, indicating a need to identify synergistic combinations of targeted agents to provide
therapeutic benefit. We previously showed preclinical therapeutic synergy between a MEK inhibitor,
trametinib, and a monoclonal antibody specific for IGF1R, ganitumab in RAS-mutated rhabdomyosar-
coma. Neuroblastoma cells, like rhabdomyosarcoma cells, are sensitive to the inhibition of the
RAS/MAPK and IGF1R/AKT/mTOR pathways. We hypothesized that the combination of trame-
tinib and ganitumab would be effective in RAS-mutated neuroblastoma. In this study, trametinib and
ganitumab synergistically suppressed neuroblastoma cell proliferation and induced apoptosis in cell
culture. We also observed a delay in tumor initiation and prolongation of survival in heterotopic and
orthotopic xenograft models treated with trametinib and ganitumab. However, the growth of both
primary and metastatic tumors was observed in animals receiving the combination of trametinib and
ganitumab. Therefore, more preclinical work is necessary before testing this combination in patients
with relapsed or refractory RAS-mutated neuroblastoma.

Keywords: RAS; MEK; neuroblastoma; IGF1R
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1. Introduction

Neuroblastoma is an embryonal tumor of the peripheral sympathetic nervous sys-
tem. Neuroblastoma accounts for 6% of all cancers in children and 15% of the deaths in
children due to cancer. Patients with high-risk neuroblastoma, including patients with
metastatic disease at diagnosis, have an overall survival of less than 50%, despite aggres-
sive multi-modality treatment, including chemotherapy, surgery, radiation, differentiation
therapy, immunotherapy, and stem cell transplant. Up to 60% of patients with high-risk
neuroblastoma relapse following up-front therapy, and long-term survivors have significant
morbidities, indicating a need for additional therapeutic options, including molecularly
targeted therapies [1].

The advent of next-generation sequencing (NGS) has facilitated the discovery of the
genomic drivers of cancer development and, thus, relevant targets for drug discovery
for many human malignancies. Despite significant effort, however, very few recurrent
targetable mutations have been identified in high-risk neuroblastoma. Focal amplification
of the oncogene MYCN and hemizygous deletion of chromosomes 1p and 11q are associated
with high-risk disease [2]. Activating mutations in the receptor tyrosine kinase ALK and loss
of function mutations or deletions of genes important for chromatin remodeling, including
ATRX, ARID1A, and ARID1B, are observed in high-risk neuroblastoma [2]. While somatic
variations in the genes of the RAS/MAP kinase pathway are rarely observed in high-risk
neuroblastomas at diagnosis [2–4], variants that lead to increased RAS/MAP kinase activity
are enriched in relapsed neuroblastomas [5]. These variants include gain-of-function
mutations in the RAS isoforms HRAS, KRAS, and NRAS; gain-of-function mutations in
the protein phosphatase PTPN11; and loss-of-function mutations and deletions in the
RAS GTPase activating protein NF1. RAS/MAP kinase pathway alterations are associated
with poor overall survival in neuroblastoma [4]. The presence of a RAS mutation in
neuroblastoma cell lines introduces a functional dependency on RAS [6]. The RAS/MAP
kinase pathway, then, is a potential therapeutic target for treating relapsed neuroblastoma.

The RAS/MAP kinase pathway consists of a cascade of serine/threonine kinases. In
this cascade, GTP-bound and active RAS recruits RAF kinase to the plasma membrane,
where it is activated. Active RAF phosphorylates and activates MEK1 and 2, which in
turn phosphorylate and activate the MAP kinases, ERK1 and ERK2. ERK1 and ERK2
phosphorylate many additional substrates, which impact diverse cellular processes, such as
proliferation, differentiation, migration, and survival. Initial efforts to target the RAS/MAP
kinase pathway in neuroblastoma focused on the use of MEK inhibitors. As is the case in
many other RAS-driven cancer models, MEK inhibitors as single agents have short-lived
efficacy in preclinical models of neuroblastoma [5,7–10]. To improve the efficacy of MEK
inhibitors in RAS-driven neuroblastoma, investigators have combined these agents with
other molecularly targeted agents. The combination of a MEK inhibitor with a CDK4/6
inhibitor was synergistic in preclinical models of neuroblastoma [11], resulting in the
initiation of a phase I clinical trial (NCT02780128). Combinations of MEK inhibitors with
inhibitors of the PI3 kinase/AKT/mTOR pathway are also effective in preclinical models
of neuroblastoma [12,13]. These combinations have been effective in models of other
RAS-driven cancers, but their clinical success has been limited by toxicity [14]. Other
promising combinations in RAS-driven neuroblastoma include a MEK inhibitor with
retinoic acid [7,15,16], a CENPE inhibitor [17], a Hippo pathway modulator [18], a SHP2
inhibitor [19], and a CDK8 inhibitor [20]. Preclinical evaluations of combinations of a
MEK inhibitor with a BET bromodomain inhibitor [21] or an ALK inhibitor [9] have been
unsuccessful in neuroblastoma.

In addition to the alterations in the RAS/MAPK pathway described above, most
neuroblastoma tumors express IGF1R. The IGF1R pathway is aberrantly activated by
autocrine and paracrine signaling loops in neuroblastoma tumors through the release of
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IGF1 and IGF2, ligands for IGF1R, from the neuroblastoma and stromal cells within the
tumor [22–25]. The increased activity of the IGF1R/PI3 kinase/AKT/mTOR pathway
induces proliferation, prevents apoptosis, increases motility, induces differentiation, and
drives MYCN expression in neuroblastoma cells [26–29]. In addition, signaling through the
IGF1R/PI3 kinase/AKT/mTOR pathway facilitates neuroblastoma metastasis to bone [30]
and induces resistance to cytotoxic chemotherapy, retinoic acid, and ALK inhibitors [31–33].
Decreasing the expression of IGF1R [34] or AKT2 [12] in neuroblastoma cells decreases
proliferation, migration, and invasion, validating the IGF1R/PI3 kinase/AKT pathway as a
potential therapeutic target in neuroblastoma. Importantly, small-molecule and monoclonal
antibody inhibitors of IGF1R potently decrease neuroblastoma cell viability and delay
tumor growth in xenograft models of neuroblastoma [35–44]. Monoclonal antibodies
specific for the IGF1R ligands [45], as well as inhibitors of PI3 kinase and mTOR, which are
activated by signaling through IGF1R, are also effective in neuroblastoma models [46–51].

In our previous studies, we evaluated the efficacy of the combination of the MEK
inhibitor, trametinib, with a monoclonal antibody specific for IGF1R, ganitumab, in RAS-
mutated rhabdomyosarcoma [52]. Combinations of a MEK inhibitor and an IGF1R an-
tibody have been effective in models of other RAS-mutated malignancies, such as lung
cancer and leukemia [53,54]. In contrast to combinations of MEK inhibitors and PI3 ki-
nase/mTOR/AKT inhibitors, the combination of a MEK inhibitor and an IGF1R antibody
was well tolerated in adults [55]. Because both MEK and IGF1R inhibitors are effective
in RAS-driven neuroblastoma, we sought to evaluate the combination of trametinib and
ganitumab in this malignancy.

2. Materials and Methods

2.1. Cell Lines and Reagents

The neuroblastoma cell lines CHP-212 and LA-N-6 cell lines were obtained from the
COG/ALSF Childhood Cancer Repository. SK-N-AS, NB-Eb-C1, NBL-S, SK-N-FI, and
SK-N-BE(2)-C cells were obtained from the NCI Pediatric Oncology Branch. We ensured
that our cells were free of mycoplasma contamination by testing with the MycoAlert kit
(Lonza, Basel, Switzerland). In addition, we confirmed the identity of our cell lines by STR
fingerprinting (Genetica/LapCorp, Burlington, NC, USA) (Supplementary Table S1). The
neuroblastoma cell lines were grown in Roswell Park Memorial Institute 1640 medium
(RPMI) with added fetal bovine serum (10% v/v), penicillin (100 IU/mL), streptomycin
(100 mg/mL), and glutamine (2 mM). We obtained trametinib from the NIH Develop-
mental Therapeutics Program (DTP) and ganitumab from the Cancer Therapy Evaluation
Program (CTEP).

2.2. Whole-Exome Sequencing

Genomic DNA was extracted from neuroblastoma cell lines using Allprep DNA/RNA
mini kits (Qiagen, Hilden, Germany). Sequencing libraries were prepared using the Agilent
SureSelectXT human all exon V5 target enrichment kit (Agilent, Santa Clara, CA, USA).
Paired-end 150 bp read sequencing was performed on a HiSeq3000 system using Illumina
TruSeq V3 chemistry (Illumina, San Diego, CA, USA) at the CCR Sequencing Facility.
Paired-end reads were mapped to the human genome (Hg38) using MWA-MEM 0.7.12
with default parameters. Data analysis was accomplished as previously described [52].

2.3. Cell Viability Assay

Cells were plated at a density of 10,000 cells/well in white, clear bottom 96-well plates.
The next day, the cells were treated with trametinib at the indicated concentrations, with or
without 1 μM ganitumab. The plates were incubated at 37 ◦C, with 5% CO2, for 72 h. To
determine cell viability, 25 μL of CellTiter-Glo reagent (Promega, Madison, WI, USA) was
added to each well. Luminescence was read on a SpectraMax iD3 plate reader (Molecular
Devices, San Jose, CA, USA). The background signal from blank reactions (CellTiter-Glo
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reagent with cell culture media and no cells) was subtracted from the raw signal. The
resulting values were normalized to DMSO control.

2.4. Matrix Combination Assay

The matrix combination assay was performed as previously described [52]. In brief,
assay-ready plates were prepared by acoustic-droplet spotting of 25 nL DMSO-solvated
trametinib and 1 μL RPMI-solvated ganitumab to each well. SK-N-AS cells were harvested
and dispensed into the prepared plates to yield 500 cells/well. The plates were incubated
at 37 ◦C, with 5% CO2, for 72 h, and then 2.5 μL CellTiter-Glo reagent (Promega) was
dispensed into each well. We read the luminescence on a ViewLux instrument (Perkin-
Elmer, Waltham, MA, USA). We normalized the resulting values to the DMSO control and
performed the synergy calculations as previously reported [52].

2.5. Apoptosis Assays

For caspase 3/7 Glo assays, SK-N-AS or CHP-212 cells were plated at a density
of 30,000 cells/well in white, clear-bottom 96-well plates. The next day, the cells were
treated with vehicle (DMSO), trametinib, ganitumab, or trametinib/ganitumab. The plates
were incubated at 37 ◦C, 5% CO2, for 18 h, and then 25 μL of Caspase 3/7-Glo reagent
(Promega) was added to each well. Luminescence was read on a SpectraMax iD3 plate
reader (Molecular Devices). The background signal from blank reactions (Caspase 3/7-Glo
reagent with cell culture media and no cells) was subtracted from the raw signal. The
resulting values were normalized to DMSO control.

For the Annexin V assays, SK-N-AS or CHP-212 cells were plated at a density of
500,000 cells/well in 6-well plates. The following day, the cells were treated with vehicle
(DMSO), trametinib, ganitumab, or trametinib/ganitumab. The plates were incubated at
37 ◦C, 5% CO2, for 48 h. The resulting suspension cells were harvested, and the resulting
adherent cells were detached with Accutase (Thermo, Waltham, MA, USA). The suspension
and adherent cells were combined and incubated with APC-labeled human recombinant
Annexin V and 7-Aminoactinomycin D (7-AAD) according to the manufacturers’ instruc-
tions (BD Biosciences, Franklin Lakes, NJ, USA). Samples were read on an Accuri C6 Plus
flow cytometer (BD Biosciences).

2.6. Capillary Immunoassays

Fresh frozen tumor samples were prepared in TPER (Thermo) using a TissueRuptor.
Lysates were analyzed as described [56]. Primary antibodies included pERK (Cell Signaling
Technologies # 9101, Danvers, MA, USA), total ERK (Cell Signaling Technologies # 9102),
and IGF1R (Cell Signaling Technologies #3027)

2.7. Immunoblot Assays

Cells were treated as indicated, and lysates were analyzed essentially, as described
in [56]. Primary antibodies include those detailed in Section 2.6, as well as NF1 (Bethyl
# A300-140A), pS6 (Cell Signaling Technologies #2211), total S6 (Cell Signaling Technolo-
gies #2217), α-tubulin (Cell Signaling Technologies #2217), and vinculin (Sigma #h-vin1,
Burlington, MA, USA). Secondary antibodies included anti-rabbit HRP (Cell Signaling
Technologies #7074) and anti-mouse HRP (Cell Signaling Technologies #7076).

2.8. Subcutaneous Xenograft Experiments

For both the subcutaneous and orthotopic xenograft studies, 6-week-old female SCID
beige mice were purchased from Charles River laboratories. For the subcutaneous xenograft
experiments, 2 million neuroblastoma cells (SK-N-AS or NB-Eb-C1) in a 1:1 mixture of Ma-
trigel (BioTechne, Minneapolis, MN, USA) and HBSS (Sigma) were injected subcutaneously
in the left flank of the mouse. Two weeks following tumor cell injection, the mice were
randomized into treatment groups (n = 10 mice per group). No formal power calculation
was performed prior to the start of these studies.

61



Cancers 2024, 16, 2320

Trametinib suspensions were prepared in a vehicle, as previously described [52].
Trametinib was dosed in the indicated groups by oral gavage (OG) at the dosage reported
previously [57]. Ganitumab was administered to indicated groups by intraperitoneal
injection (IP), as reported previously [58].

In these experiments, the tumor dimensions were measured twice a week with digital
calipers to obtain two diameters of the tumor sphere, from which the tumor volume was
determined using the equation (D × d2)/6 × 3.14 (where D = the maximum diameter, and
d = the minimum diameter). Two mice per group were euthanized 4 h after the fifth dose
of vehicle or trametinib for assessment of pharmacodynamic markers of response, and the
remaining mice were observed for tumor response. These animals were euthanized when
they reached the tumor endpoint.

2.9. Orthotopic Xenograft Experiments

For the orthotopic xenograft experiments, intra-adrenal tumor cell injections were
achieved via survival surgery. Mice (n = 20) were anesthetized with isoflurane and then
placed laterally with the left flank facing upward. A lateral incision 0.5 inches below the
spine on the animal’s right flank was made, followed by a small peritoneal incision to
expose the kidney and visualize the adrenal gland. A Hamilton syringe was used to inject
3 × 105 SK-N-AS cells in 7 uL of PBS. The kidney was then returned to the abdomen,
the peritoneum was closed with absorbable suture, and the skin was closed with surgical
staples. The staples were removed after 10–14 days. After the staples were removed,
the mice were able to undergo ultrasound and MRI for tumor monitoring. Three weeks
following tumor cell injection, the mice were randomized based on tumor volume and
body weight into treatment groups (n = 10 mice per group). In these experiments, mice
were euthanized when they gained more than 10% of their initial body weight due to tumor
burden, or when the tumor volume exceeded 2000 mm3, as determined by ultrasound.

2.10. Mouse Imaging Preparation

Standard imaging and animal-handling protocols for both ultrasound and MRI re-
quired maintaining the rodent’s internal temperature and monitoring anesthesia adminis-
tration. Animals were anesthetized at 3% isoflurane with a carrier gas of oxygen at a flow of
1 L/min in the induction chamber, and during imaging, the isoflurane was administered via
a nose cone at 1.5–2.0%. Pulmonary function was monitored by a multichannel physiology
system (MP150 Biopac System, Inc., Goleta, CA, USA), and the percent isoflurane adminis-
tered via the nose cone was modified to maintain a pulmonary rate of 36–45 breaths per min
(bpm) to reduce MRI motion artifacts. The animal body temperature was maintained by a
thermostat-controlled heated table in the range of 34–37 ◦C during preparation, imaging,
and post-imaging recovery.

2.11. Ultrasound

Ultrasound imaging was performed weekly after tumor cell injection, as previously
described [59]. In brief, the area to be imaged was shaved with hair clippers, and ad-
ditional hair was removed with depilatory cream (SurgiCream, American International
Industries, Los Angeles, CA, USA), followed by 1% acetic acid. Heated gel (Aqua-Gel,
Parker Laboratory, Inc., Fairfield, NJ, USA) was applied to match the tissue acoustic char-
acteristics between the animal and the transducer, and the acoustic focus was placed at
the center of the adrenal gland. B-mode images (Vevo2100, VisualSonics, Toronto, ON,
Canada) were acquired using the 40 MHz transducer (MS-550S, VisualSonics, Toronto, ON,
Canada), with an axial and lateral image spatial resolution of 40 and 90 μm, respectively.
Three-dimensional volumes were calculated using vendor-supplied software (Vevo Lab v.
1.7.1, VisualSonics, Toronto, ON, Canada), utilizing the maximum axis linear X, Y, and Z
measurements and the volume calculation (0.523 × (X × Y × Z)).
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2.12. Magnetic Resonance Imaging

Magnetic Resonance Imaging (MRI) was performed weekly on a 3.0T clinical scanner
(Philips Intera Achieva, Best, The Netherlands), as previously described [60], but with
the following modifications. Custom-built volume receive array coils were utilized for
simultaneously imaging of three mice to achieve high throughput. After a navigational
survey scan with slices in sagittal, coronal, and axial view, a multi-slice T2 weighted turbo
spin echo sequence (T2w-TSE) was applied. An 18 mm thick slab in coronal view was
arranged to cover the whole mouse body. Image acquisition parameters: field of view,
160 × 78 mm2; flip angle, 90◦; in-plane resolution, 0.18 × 0.18 mm2; slice thickness, 0.5 mm;
repetition time (TR), 6000 ms; and echo time, (TE) 45 ms. A fat suppression imaging
technique, Spectral Presaturation with Inversion Recovery (SPIR), was used to improve
tissue contrast and facilitate the detection of metastases.

2.13. Electrochemiluminescence Assays

Neuroblastoma cells were lysed in Tris buffer with added protease and phosphatase
inhibitors (Meso Scale Discovery, Rockville, MD, USA). The resulting lysates were used
in the insulin signaling panel (total protein kit, Meso Scale Discovery, K15152C-1). The
assay was read on a Meso Sector S600 (Meso Scale Discovery). Lysate from MCF-7 cells
without growth factor stimulation (Meso Scale Discovery, Insulin Signaling Panel Whole
Cell Lysate Set, C1151-1) was used as a positive control.

2.14. Histological Analysis

Tumor tissue was fixed in 10% neutral buffered formalin (NBF) and paraffin embedded.
Paraffin-embedded sections of 5 μm thickness were prepared and stained with hematoxylin
and eosin (H&E). The resulting slides were digitized with an Aperio ScanScope XT (Leica,
Wetzlar, Germany) at 200× in a single z-plane. The whole-slide images were evaluated and
annotated by a board-certified veterinary pathologist (EFE).

3. Results

3.1. Drugs That Specifically Inhibit MEK1/2 and IGF1R Synergistically Inhibit Proliferation of
RAS-Mutated Neuroblastoma Cells

The combination of the MEK inhibitor trametinib and the IGF1R monoclonal anti-
body ganitumab is effective in murine models of RAS-mutated rhabdomyosarcoma [52].
We hypothesized that this combination would be similarly effective in neuroblastoma
with hyperactivity of the RAS/MAPK pathway, either through mutation of one of the
RAS isoforms or through inactivation of the RAS GTPase activating protein, NF1. To test
this hypothesis, we assembled a panel of RAS- and NF1-altered neuroblastoma cell lines
(Figure 1A). A majority of these cell lines were derived from neuroblastoma tumors at re-
lapse (SK-N-AS, LAN-6, NB-Eb-C1, SK-N-FI, and SK-N-BE(2)-C), with one cell line derived
from a patient with newly diagnosed neuroblastoma (NBL-S) and one cell line for which
the clinical information is unknown (CHP-212) [61]. We confirmed the RAS mutational
status of the RAS-altered cell lines by whole-exome sequencing (Supplementary Table S2)
and loss of NF1 expression at the protein level in NF1-altered cell lines via immunoblot
(Figure 1B). We also confirmed that the cells expressed IGF1R at the protein level, using an
electrochemiluminescence assay (Figure 1C) and immunoblot (Supplementary Figure S1).
These results established that IGF1R is highly expressed in SK-N-AS. In contrast, the ex-
pression of IGF1R in SK-N-FI cells is low. The remaining RAS/MAPK pathway-altered
neuroblastoma lines, namely NB-Eb-C1, LAN-6, CHP-212, NBL-S, and SK-N-BE(2)-C, ex-
pressed IGF1R to a similar extent as the positive control cell line, MCF7. In contrast, all the
RAS/MAPK pathway-altered neuroblastoma lines expressed the insulin receptor, which is
highly homologous to IGF1R, to a similar extent as MCF7 cells, except CHP-212.
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Figure 1. Neuroblastoma cell lines with alterations in the RAS/MAPK pathway express IGF1R.
(A) RAS/MAPK pathway mutation status of the neuroblastoma cell line panel used in this study.
(B) NF1 expression in the neuroblastoma cell line panel was determined by immunoblot. Vinculin
immunoblot served as a loading control. (C) Expression of IGF1R (top) or the insulin receptor
(InsR, bottom) in the panel of neuroblastoma cell lines was determined by an ECL-based sandwich
immunoassay (MSD). MCF7 lysate was included as a positive control. Technical duplicates are
displayed. Each cell line is represented by different color circles. The original immunoblot images
can be found in the Supplementary File S1.

Next, we confirmed that the MEK inhibitor trametinib was potent and efficacious in
this panel of RAS/MAPK-altered neuroblastoma cell lines. Trametinib was potent in all the
RAS-altered neuroblastoma cell lines, with IC50 values for each cell line in the nanomolar
range (Figure 2A, left). However, the efficacy of trametinib was poor in NB-Eb-C1, which
showed a maximal effect of only 30% decreased viability. In contrast, trametinib was
potent in only two of the three NF1-altered neuroblastoma cell lines (Figure 2B, right).
SK-N-BE(2)-C was resistant to trametinib, while SK-N-FI and NBL-S had IC50 values in the
nanomolar range.

Despite these differences in the impact of trametinib on the viability in the RAS/MAPK
pathway-altered neuroblastoma cell line panel, trametinib was able to decrease ERK phos-
phorylation in each of the cell lines studied (Figure 2B). Because they are viable despite
decreased ERK phosphorylation in the presence of trametinib, SK-N-BE(2)-C cells may not
be functionally dependent on the RAS/MAPK pathway for cell viability.

In contrast to previous reports using the IGF1R monoclonal antibody EM164 [37],
the anti-proliferative effects of ganitumab as a single agent on neuroblastoma cells were
modest (Supplemental Figure S2). Ganitumab was most efficacious in CHP-212 cells, where
it showed a maximal effect of 40% decreased viability. Ganitumab was most potent in SK-N-
AS and NB-Eb-C1 cells, with IC50 values of 400 nM (Supplementary Figure S2). These three
RAS/MAPK-altered neuroblastoma cell lines were selected for further study based on their
sensitivity to trametinib and ganitumab as single agents. To determine if the combination
of MEK inhibition and IGF1R inhibition would synergistically decrease viability in RAS-
mutated neuroblastoma cells, we performed a matrix combination assay in which the
viability of SK-N-AS cells was determined in the presence of 10 different concentrations of
either trametinib or ganitumab (Figure 3A). Synergy was observed between trametinib and
ganitumab in SK-N-AS, according to the Bliss independence model. To assess if there was
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synergy in additional neuroblastoma cell lines, we tested the ability of a fixed concentration
of ganitumab to affect the viability decrease achieved by trametinib alone. In NB-Eb-C1
cells, ganitumab did not alter the efficacy or potency of trametinib (Figure 3B, top); however,
in CHP-212 cells, synergy with ganitumab was observed by a shift in the IC50 to the left in
the presence of 1000 nM ganitumab (Figure 3B, bottom). We also assessed the impact of
the combination of trametinib and ganitumab on apoptosis in RAS-altered neuroblastoma
cells using both a luminescence-based assessment of caspase 3/7 activity (Figure 3C) and
a flow cytometric assessment of annexin positivity (Figure 3D). Neither trametinib alone,
ganitumab alone, nor the combination of trametinib and ganitumab increased caspase 3/7
activity or annexin positivity in SK-N-AS cells. However, trametinib in the presence and
absence of ganitumab increased both caspase 3/7 activity and annexin positivity consistent
with induction of apoptosis in CHP-212 cells (Figure 3C,D).

Figure 2. RAS mutation correlates with increased sensitivity to trametinib in neuroblastoma cells.
(A) Efficacy and potency of trametinib were determined in RAS-altered (left) and NF1-altered (right)
neuroblastoma cells using CellTiter-Glo signal 72 h after treatment as a marker of viability. Means of
technical triplicates are displayed. Error bars indicate the standard deviation. (B) Erk1/2 phospho-
rylation after 24 h of treatment with the indicated concentrations of trametinib was determined by
immunoblot in 4 RAS-altered neuroblastoma cell lines (left) and 3 NF1-altered neuroblastoma cell
lines (right). The original immunoblot images can be found in the Supplementary File S1.
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Figure 3. Trametinib and ganitumab synergistically inhibit RAS-mutant neuroblastoma viability.
(A) Matrix (10 × 10) plot for the combination of trametinib (0 to 125 nM) and ganitumab (0 to
5000 nM) in both viability (CellTiter-Glo, top) and Excess-over-Bliss (bottom) format for SK-N-AS
cells. (B) Efficacy of trametinib and the trametinib/ganitumab combination was determined in
NB-Eb-C1 (top) and CHP-212 (bottom) neuroblastoma cells using CellTiter-Glo signal 72 h after
treatment as a marker of viability. Cells were treated with varying concentrations of trametinib
in the presence or absence of ganitumab (1 μM). Means of technical triplicates are displayed. (C)
Caspase 3/7 activity of SK-N-AS (top) or CHP-212 (bottom) cells 18 h after treatment with vehicle,
trametinib, ganitumab, or the combination of trametinib and ganitumab. SK-N-AS cells were treated
with 10 nM trametinib; CHP-212 cells were treated with 4 nM trametinib. Both cell lines were treated
with 1 μM ganitumab. Nested plots of three biological replicates (experimental units) comprising 3
technical replicates are displayed. Individual data points are shown; lines denote the median for that
experimental unit. P-values were determined by nested 1-way ANOVA performed on transformed
data. (D) SK-N-AS (left) or CHP-212 (right) cells were treated with vehicle, trametinib, ganitumab,
or trametinib/ganitumab for 48 h. SK-N-AS cells were treated with 10 nM trametinib; CHP-212 cells
were treated with 4 nM trametinib. Both cell lines were treated with 1 μM ganitumab. The treated
cells were stained with Annexin V-APC and 7-AAD and analyzed by flow cytometry. The percentage
of Annexin-positive cells is defined as the percentage of cells that were Annexin V positive and
7-AAD positive or negative. Individual biological replicates are shown. P-values were determined by
3-way ANOVA. (E) SK-N-AS cells were treated with vehicle, 10 nM trametinib, 1000 nM ganitumab,
or the combination for 3 h (left) or 48 h (right), after which cells were harvested and the resulting
cells were analyzed for phosphorylated and total forms of ERK, as well as IGF1R. Vinculin blot is
included as a loading control. Representative blots are shown. The original immunoblot images can
be found in the Supplementary File S1.
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We used immunoblot experiments to confirm the on-target activity of trametinib and
ganitumab at the doses used in our SK-N-AS apoptosis experiments (Figure 3E). After 3 h
of treatment, 10 nM trametinib decreased ERK phosphorylation in SK-N-AS cells in the
presence or absence of ganitumab; however, rebound ERK phosphorylation was observed
in SK-N-AS cells treated with 10 nM trametinib for 48 h. Ganitumab at a dose of 1000 nM,
both alone and in combination with trametinib, decreased total IGF1R expression in SK-
N-AS after both 3 h and 48 h of treatment. Notably, the combination of trametinib and
ganitumab decreased the phosphorylation of S6 ribosomal protein, a point of convergence
of the MAPK and mTOR pathways [62], after 48 h of treatment. These results indicate that
trametinib and ganitumab had on target effects in SK-N-AS.

3.2. Combined Trametinib and Ganitumab Treatment Is Efficacious in Murine Xenograft Models of
RAS-Mutated Neuroblastoma

We next wanted to evaluate if ganitumab would provide therapeutic enhancement
to trametinib monotherapy in xenograft models of RAS-mutated neuroblastoma. In SK-
N-AS, consistent with prior reports [5], we observed a tumor growth delay for mice
treated with either trametinib or ganitumab as single agents as compared to the mice that
received the vehicle. We also observed a tumor growth delay for mice treated with the
trametinib/ganitumab combination as compared to either single agent (Figure 4A, left).
The tumor volumes on day 15 in mice treated with trametinib and ganitumab were smaller
than those from mice treated with the vehicle or trametinib alone (Figure 4B, left). The
tumor growth delay was associated with a survival advantage for the mice treated with
the combination compared to trametinib alone but not ganitumab alone. Importantly,
the trametinib/ganitumab combination was associated with the prolongation of overall
survival compared to the vehicle (Figure 4C, left). Similarly, in NB-Eb-C1 xenografts, we
observed a tumor growth delay (Figure 4A, right), decreased tumor volume on day 36
(Figure 4B, right), and prolongation of overall survival (Figure 4C, right) for the mice
treated with the combination of trametinib and ganitumab compared to the vehicle. The
phosphorylation of ERK (Figure 4D, left) and expression of IGF1R (Figure 4D, right) was
decreased in tumor lysates from SK-N-AS and NB-Eb-C1 xenografts treated with trametinib
and ganitumab, indicating that the in vitro mechanisms of action of each of these drugs
was preserved in vivo. In summary, these results suggest that the addition of an IGF1R
inhibitor to a MEK inhibitor provided modest therapeutic enhancement in heterotopic
RAS-mutated neuroblastoma models.

Adrenal SK-N-AS xenografts are more vascular, more locally invasive, and more
metastatic as compared to subcutaneous SK-N-AS xenografts [63]. We hypothesized
that the combination of trametinib and ganitumab would be more effective in adrenal
than subcutaneous SK-N-AS xenografts because the orthotopic site (adrenal) is a bet-
ter model of the human tumor microenvironment. To test this hypothesis, we injected
unmodified SK-N-AS cells into the right adrenal gland of SCID beige mice and moni-
tored tumor growth via once-weekly ultrasound and MRI imaging. When the adrenal
tumors had engrafted as determined by ultrasound, we randomized the mice to receive
either the vehicle or the trametinib/ganitumab combination. Similar to the subcutaneous
xenografts, trametinib/ganitumab caused a tumor growth delay in adrenal SK-N-AS
xenografts (Figure 5A). Upon necropsy for humane endpoints, the xenograft weight was
decreased in the trametinib/ganitumab-treated group as compared to the vehicle-treated
group (Figure 5B). However, the combination of trametinib and ganitumab was not asso-
ciated with the prolongation of overall survival compared to the vehicle alone in adrenal
xenografts (p = 0.0946, log-rank test) (Figure 5C). Surprisingly, we also observed that four
of the nine mice (44%) in the trametinib/ganitumab group developed new nodules in
the liver or lungs during treatment (Figure 5D). One of these nodules was confirmed by
histopathology to be neuroblastoma (Figure 5E), consistent with metastasis. In contrast,
only one of the nine mice (11%) in the vehicle group developed new nodules. The pres-
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ence of metastatic disease could account for the lack of survival advantage conferred by
trametinib/ganitumab for mice bearing adrenal tumors.

Figure 4. Trametinib and ganitumab delay tumor progression in heterotopic (subcutaneous) neu-
roblastoma cell line xenograft models. (A) SCID beige mice bearing 100–200 mm3 SK-N-AS (left) or
NB-Eb-C1 (right) tumors were randomized to receive the indicated treatments (8 mice per group).
Mean tumor volume ± one standard deviation is plotted. Means are displayed only if there are
three or more tumor volume measurements at that time point. (B) Tumor volume at the study
endpoint for mice bearing SK-N-AS (left) or NB-Eb-C1 (right) xenografts. P-values were deter-
mined by the Kruskal–Wallis test with Dunn’s correction for multiple comparisons for SK-N-AS
and by the Mann–Whitney test for NB-Eb-C1. (C) Overall survival of mice bearing SK-N-AS (left)
or NB-Eb-C1 (right) tumors treated as indicated. p-values determined by log-rank test. (D) Phar-
macodynamic assessment was performed on tumors harvested from mice during treatment with
vehicle or trametinib/ganitumab (4 h after the dose of vehicle or trametinib on the 5th day of treat-
ment). The ratio of phosphorylated to total ERK and total IGF1R to total protein was determined by
capillary immunoassay.
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Figure 5. Trametinib and ganitumab delay tumor progression but do not prevent metastasis in an
orthotopic (adrenal) SK-N-AS xenograft model. (A) Line graphs of tumor volume as a function
of treatment duration for mice bearing adrenal SK-N-AS xenografts receiving vehicle or trame-
tinib/ganitumab. Each line represents data from a single mouse (n = 9 per group). Tumor volume
was estimated by ultrasound. A representative ultrasound image is shown (inset). “T” indicates
the tumor. (B) Weight of xenografted tumors at study endpoint, as determined at necropsy. Bars
indicate the mean; error bars indicate the standard deviation. p-value determined by Mann–Whitney
test. (C) Overall survival of mice bearing SK-N-AS adrenal xenografts treated with either vehicle
or trametinib/ganitumab. p-value determined by log-rank test. (D) Serial MRIs of SCID beige
mice with SK-N-AS adrenal xenografts (indicated by an asterisk) receiving vehicle (top) or trame-
tinib/ganitumab (bottom). White arrows indicate metastatic tumors. (E) Hematoxylin and eosin
staining of the xenograft from the mouse treated with trametinib/ganitumab shown in panel (D). “T”
denotes small, round blue tumor cells, consistent with neuroblastoma effacing the adrenal medulla
and infiltrating into the adjacent peritoneal space. The upper-right liver lobe contains multifocal
nodules of neoplastic cells within the hepatic parenchyma, one of which is also labeled with a “T”.

4. Discussion

In this study, we showed that the MEK inhibitor trametinib and the IGF1R inhibitor
ganitumab synergistically inhibited RAS-mutated neuroblastoma cell proliferation and
induced apoptosis in cell culture models. The response to ganitumab was not associated
with the expression level of IGF1R in these cells. The trametinib/ganitumab combination
delayed tumor growth in both of the heterotopic cell line xenograft models tested and
delayed tumor growth in an orthotopic cell line xenograft model of neuroblastoma. Inter-
estingly, the trametinib/ganitumab combination did not prevent neuroblastoma metastasis
in the orthotopic xenograft model.

Several types of tumor cell resistance to molecularly targeted agents have been identi-
fied: intrinsic, adaptive, and acquired [64]. Intrinsic resistance refers to resistance that is
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present within tumor cells before drug exposure. Adaptive resistance refers to the changes
occurring within tumor cells after short-term exposure to a targeted agent that can compen-
sate for its action. In contrast, acquired resistance occurs in tumors that initially respond to
the targeted agent and then regrow [64]. Intrinsic, adaptive, and acquired resistance to MEK
inhibition in RAS- or NF1-altered cells are all caused by cellular changes that either result
in hyperactivation of the MAPK pathway or activation of alternate signaling pathways,
such as the IGF1R/PI3K/AKT pathway [65]. Both RAS mutations and NF1 deletion confer
sensitivity to MEK inhibition [66]. However, here we confirmed that SK-N-BE(2)-C cells
display intrinsic resistance to MEK inhibition despite demonstrating loss of NF1 expres-
sion, a result that has been shown previously [5]. Intrinsic resistance to MAPK pathway
inhibitor in cell lines with loss of NF1 expression has also been seen in melanoma [67]
and glioblastoma [68], suggesting that there are additional biomarkers of MEK inhibitor
sensitivity that require elucidation.

One approach toward the prevention of adaptive resistance is combining MEK inhibitors
with molecularly targeted agents that either augment the inhibition of the RAS/MAPK path-
way achieved by the MEK inhibitor (vertical pathway inhibition) or block signaling through
the compensatory signaling pathways (horizontal pathway inhibition) [66]. In this study,
we attempted to accomplish both vertical and horizontal pathway inhibition by combining
a MEK inhibitor with an inhibitor of a receptor tyrosine kinase (RTK), IGF1R, which signals
through both the RAS/MAPK pathway and a potential compensatory signaling pathway,
the PI3K/AKT pathway. IGF1R is a functional dependency in neuroblastoma cells [69].
However, in our neuroblastoma xenografts, the trametinib/ganitumab combination de-
layed but did not prevent tumor growth, indicating the development of adaptive resistance.
This resistance could be due to the activation of an additional RTK. Several RTKs, including
ALK, KIT, MET, NTRK2, and RET, play a major role in neuroblastoma pathogenesis [70–72],
and their activation could be responsible for adaptive resistance to trametinib and gani-
tumab in neuroblastoma. Notably, strategies to inhibit RAS activation downstream of RTKs,
such as with an SHP2 inhibitor, as has been previously reported [19], would not completely
prevent the activation of compensatory signaling pathways such as the PI3K/AKT [73] or
JAK/STAT [74] pathways, which can be activated in a RAS-independent manner.

We also evaluated the impact of trametinib/ganitumab on tumor invasion in an
orthotopic SK-N-AS xenograft. We did not assess for tumor invasion and metastasis in
the heterotopic xenograft models. Previous studies have shown that orthotopic SK-N-AS
xenograft tumors directly extend into the ipsilateral lobes of the liver [63]. We observed
this direct extension, as well as the evidence of new liver and/or lung nodules, consistent
with the development of distant metastases. These nodules developed during treatment
with trametinib and ganitumab even though the primary tumors were smaller in mice
receiving treatment. In fact, a higher percentage of mice receiving trametinib and ganitumab
experienced nodule formation as compared to mice receiving vehicle. Our study was not
designed to determine the individual effects of MEK inhibition and IGF1R inhibition on
neuroblastoma tumor dissemination. We have not assessed the impact of trametinib and
ganitumab on the dissemination of additional orthotopic xenograft models and cannot
rule out the possibility that our observations are specific to SK-N-AS. Previous studies
have shown that the genetic knockdown of IGF1R expression using shRNA decreased the
transwell invasion of neuroblastoma cells such as IMR32 and SH-SY5Y [34]; however, the
effect of IGF1R inhibition on RAS- or NF1-altered neuroblastoma cell invasion is unknown.
Interestingly, in some melanoma cell lines, treatment with the MEK inhibitor selumetinib
(AZD6244) increased invasion in a spheroid assay [75], but the effects of MEK inhibition
on neuroblastoma cell invasion has yet to be determined. Future studies will define the
effects of MEK or IGF1R inhibition on the invasive and metastatic capacity of RAS- and
NF1-mutated neuroblastoma models.
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5. Conclusions

In this study, we assembled a panel of RAS- and NF1-altered neuroblastoma cell
lines with variable IGF1R expression to evaluate the efficacy of the combination of a MEK
inhibitor (trametinib) and an IGF1R inhibitor (ganitumab) in neuroblastoma. We found
that some neuroblastoma cell lines were resistant to single-agent MEK inhibition despite
the presence of a RAS or NF1 alteration. In addition, we showed that trametinib and
ganitumab inhibited proliferation in RAS-mutated neuroblastoma cells, even cells with a
low expression of IGF1R. We further showed that the trametinib/ganitumab combination
inhibited the growth of heterotopic and orthotopic neuroblastoma xenografts. However,
the trametinib/ganitumab combination appeared to increase metastasis of a RAS-mutated
neuroblastoma orthotopic xenograft, which is concerning and merits further investigation.
This study highlights the importance of using orthotopic xenograft models to investigate
the effects of targeted agents on metastasis preclinically.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/cancers16132320/s1, Figure S1: Expression of IGF1R in the panel of RAS/MAPK-altered
neuroblastoma cell lines as determined by immunoblot; Figure S2: Efficacy and potency of ganitumab
was determined in RAS/MAPK-altered neuroblastoma cells using CellTiter-Glo signal 72 h after
treatment as a marker of viability. Table S1: STR genotyping of neuroblastoma cell lines used in
this study; Table S2: Gene sequence variants of neuroblastoma cell lines used in this study; File S1:
Original immunoblot figures.
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Simple Summary: Novel therapies targeting KRAS offer treatment options for previously untreatable
patients. However, in colorectal cancer (CRC), resistance to KRAS-targeted therapy develops rapidly,
making it imperative to understand its underlying mechanisms. Cancer-associated fibroblasts (CAFs)
contribute to therapy resistance by generating and maintaining the cancer stem cell niche. This study
investigates whether CAF-secreted factors induce resistance to KRAS inhibition by enhancing cancer
stemness. Our findings demonstrate that while KRAS silencing reduced the expression of stem cell
markers and stemness, CAF-secreted factors counteracted those effects by activating pro-tumorigenic
pathways, such as epithelial-to-mesenchymal transition, and increasing cell proliferation. Overall, we
provide novel mechanistic insights into how CAF-secreted factors oppose KRAS silencing-induced
growth inhibition, which may be crucial for improving CRC therapy.

Abstract: Colorectal cancer (CRC) responses to KRAS-targeted inhibition have been limited due to
low response rates, the mechanisms of which remain unknown. Herein, we explored the cancer-
associated fibroblasts (CAFs) secretome as a mediator of resistance to KRAS silencing. CRC cell lines
HCT15, HCT116, and SW480 were cultured either in recommended media or in conditioned media
from a normal colon fibroblast cell line (CCD-18Co) activated with rhTGF-β1 to induce a CAF-like
phenotype. The expression of membrane stem cell markers was analyzed by flow cytometry. Stem
cell potential was evaluated by a sphere formation assay. RNAseq was performed in KRAS-silenced
HCT116 colonospheres treated with either control media or conditioned media from CAFs. Our
results demonstrated that KRAS-silencing up-regulated CD24 and down-regulated CD49f and CD104
in the three cell lines, leading to a reduction in sphere-forming efficiency. However, CAF-secreted
factors restored stem cell marker expression and increased stemness. RNA sequencing showed
that CAF-secreted factors up-regulated genes associated with pro-tumorigenic pathways in KRAS-
silenced cells, including KRAS, TGFβ, NOTCH, WNT, MYC, cell cycle progression and exit from
quiescence, epithelial-mesenchymal transition, and immune regulation. Overall, our results suggest
that resistance to KRAS-targeted inhibition might derive not only from cell-intrinsic causes but also
from external elements, such as fibroblast-secreted factors.

Cancers 2024, 16, 2595. https://doi.org/10.3390/cancers16142595 https://www.mdpi.com/journal/cancers76
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1. Introduction

KRAS mutations occur in approximately 40% of colorectal cancers (CRCs) and are
associated with a poor prognosis and resistance to therapy [1,2]. For over three decades,
the KRAS oncogene has been considered an undruggable target [2–4], but recent break-
throughs in developing allele-specific covalent inhibitors, such as those targeting the KRAS
G12C mutation, have paved the way for a new era of KRAS-targeted therapies [4,5]. These
innovative therapies, now in various stages of development, show promising results by
selectively inhibiting KRAS function in cancer cells [4]. Nevertheless, a disheartening
reality persists: in CRC, the therapeutic response remains limited, with only a subset of
patients experiencing significant benefits [2]. Furthermore, even among initial responders,
resistance to treatment rapidly develops, posing a significant challenge to the long-term
efficacy of these therapies [6]. While the mechanisms of acquired resistance have been
extensively studied [7–10], the mechanisms of innate resistance remain poorly understood.
One possible explanation is the independence of mutant KRAS cancer cells from KRAS
oncogenic signaling. This has been well demonstrated in a subset of lung, pancreatic, and
colorectal cancer cell lines [11–14], which remain viable upon KRAS silencing. However,
clinical data shows that the most frequent outcome of KRAS-targeted inhibition in col-
orectal cancer is stable disease [15,16], indicating that cancer cells are indeed sensitive to
KRAS inhibition to the point of stalling their growth rate. It is, therefore, imperative to
better understand the mechanisms that might be involved in resistance to KRAS-targeted
therapies in CRC to unveil novel combinatorial therapies that can improve their therapeutic
efficacy or identify biomarkers predictive of response.

Among the several factors that have been shown to contribute to the acquisition
of resistance to therapy, the tumor microenvironment, which includes cell populations
such as cancer stem cells and cancer-associated fibroblasts (CAFs), is also known to drive
this process [17–19]. Cancer stem cells possess self-renewal potential and the capacity to
stay quiescent for extended periods, which confers greater resistance to various forms of
therapy [20]. The development and expansion of cancer stem cells are regulated by several
signaling pathways, and in CRC, this process is selectively controlled by RAS isoforms,
with the KRAS isoform being the most potent inducer of stemness characteristics. KRAS
activation induces stemness by up-regulating pathways such as Wnt/β-catenin and the
Hedgehog, and also by increasing surface markers of stemness [21].

Even with the ongoing debate on the definitive biomarkers of stemness [22], all
studies show that CRC possesses a rare cell population that resembles cancer stem cells,
regardless of the markers used for isolation [23–26]. Intriguingly, these CRC cancer stem
cells preferentially localize in areas enriched in CAFs [27]. This association is particularly
evident in consensus molecular subtype 4 tumors (CMS4), one of the four molecular
subtypes identified in CRC. These tumors are enriched in CAFs and exhibit up-regulation
of genes related to cancer stem cells, highlighting their interconnection [28]. CAFs are
responsible for the induction and maintenance of the cancer stem cell phenotype through
their secreted factors [29–32], underscoring the co-dependence of both these cell types.

In addition to regulating the cancer stem cell phenotype, CAFs can also alter the
proteome profile associated with CRC cells harboring a KRAS mutation. Specifically, we
demonstrated that in colorectal cancer cells exposed to fibroblast-derived factors, KRAS
oncogenic signaling is predominantly governed by fibroblast-secreted factors. However,
most of the fibroblast-induced signaling is independent of mutant KRAS [33]. This suggests
that CAFs might be key players in independently modulating cancer cell phenotypes in the
context of KRAS-targeted therapies.
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Given the symbiotic relationship between KRAS, cancer stem cells, and fibroblasts,
we hypothesized that CAF-derived factors might be responsible for driving cancer cell
stemness in CRC cell lines, subsequently inducing resistance to KRAS-targeted inhibition.
Our results confirm that both KRAS and the secreted factors from recombinant human (rh)
TGF-β1 activated fibroblasts enhance CRC stem cell activity. Furthermore, such fibroblast-
derived factors recover the stemness potential lost upon KRAS silencing, leading to a
more mesenchymal phenotype through the up-regulation of epithelial-to-mesenchymal
transition (EMT) and pro-tumorigenic pathways. These results identify a novel potential
mechanism of resistance to KRAS-target therapies, mediated by the fibroblast secretome,
and open new avenues to improve the efficacy of these treatments.

2. Materials and Methods

2.1. Cell Culture

Human CRC cell lines HCT116, HCT15, SW480 (Table 1) and normal human intestinal
fibroblast cell line CCD-18Co were purchased from the American Type Culture Collection
(ATCC). Cells were routinely maintained at 37 ◦C in a humidified atmosphere with 5%
CO2 in the recommended media: RPMI-1640 media (Gibco, Thermo Fisher Scientific,
Waltham, MA, USA) for the CRC cell lines and DMEM (Gibco, Thermo Fisher Scientific,
USA) for the fibroblasts, both supplemented with 10% heat-inactivated HyClone fetal
bovine serum—FBS (Cytiva, Marlborough, MA, USA) and 1% penicillin-streptomycin—P/S
(10,000 U/mL; Gibco, Thermo Fisher Scientific, USA).

Table 1. Genetic and histological characterization of KRAS mutant CRC cell lines. Adapted from [34].

Cell Line
KRAS

Mutation
Disease Derived from Reference

HCT116 G13D Colorectal Carcinoma Primary tumor
[34]HCT15 G13D Colorectal Adenocarcinoma DLD-1 misclassified

SW480 G12V Colorectal Adenocarcinoma Primary tumor

2.2. Production of Conditioned Media for Fibroblasts

Fibroblasts were plated into T75 culture flasks and cultured in DMEM supplemented
with 10% heat-inactivated FBS and 1% P/S at 37 ◦C in a humidified atmosphere with 5%
CO2 until approximately 90% of confluence. After washing two times with phosphate-
buffered saline (PBS), the media of the fibroblasts was changed to DMEM supplemented
with 1% P/S plus 10 ng/mL recombinant human (rh)TGF-β1 (ImmunoTools, Friesoythe,
Germany). The addition of rhTGF-β1 in the media leads to the activation of the fibrob-
lasts, conferring on them a CAF-like phenotype. For the sphere formation experiments,
the fibroblast-conditioned media was prepared with DMEM without phenol red (Gibco,
Thermo Fisher Scientific, USA) in the same conditions. After 4 days in culture, the condi-
tioned media was harvested, centrifuged at 1200 revolutions per minute (rpm) for 5 min,
filtered through a 0.2 μm filter, and stored at −20 ◦C. The cells were harvested with
0.05% Trypsin-EDTA (Gibco, Thermo Fisher Scientific, USA), counted, and total protein
extraction was performed. The confirmation of fibroblast activation was assessed through
the evaluation of alpha-smooth muscle actin (α-SMA) expression by western blotting
(Figures S1 and S2).

2.3. Cell Culture with Conditioned Media

Cancer cells were plated into a 6-well plate at a confluence of 1.5 × 105 cells per well.
After 16 h the cells were transfected with siRNA. Upon 6 h of transfection, the conditioned
media of activated fibroblasts (grown in DMEM + 1% P/S + 10 ng/mL rhTGF-β1) was
added. After 48 h of incubation with the conditioned media (total of 72 h of transfection),
the cells were harvested with 0.05% Trypsin-EDTA (Gibco, Thermo Fisher Scientific, USA),
counted, and collected for flow cytometry and total protein extraction. KRAS silencing
efficiency was assessed by western blotting (Figures S1 and S2).
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2.4. siRNA Transfection

Knockdown of KRAS was achieved by gene silencing using a pool of 4 small inter-
fering RNAs (siRNA) specific for KRAS (siKRAS, ON-TARGETplus SMARTpool, from
Dharmacon, GE Healthcare, Lafayette, CO, USA). This approach was previously assessed
by us to determine its impact on KRAS signaling and functionality [33]. The desired cell
line was plated into a 6-well plate and allowed to adhere (1.5 × 105 cells per well). The
following day, transfection was carried out. KRAS silencing was conducted according to
manufacturer specifications using a specific ON-TARGETplus SMARTpool small interfer-
ing RNA (L-005069-00-0010; Dharmacon, GE Healthcare, USA) at a final concentration
of 10 nM. As a control, a condition using non-targeting siRNA (ON-TARGETplus Non-
targeting Control siRNA #1, from Dharmacon, GE Healthcare, USA) was used at the same
concentration as the siRNA targeting the gene of interest. KRAS silencing efficiency was
assessed by western blot after 72 h (Figures S1 and S2).

2.5. Protein Extraction and Western Blotting

Cells were lysed using RIPA lysis buffer [50 mM TrisHCl pH 7.5, 1% (v/v) IGEPAL
CA-630, 150 mM NaCl, and 2 mM EDTA] supplemented with 1:7 protease inhibitor cocktail
(Roche Diagnostics GmbH, Rotkreuz, Switzerland) and 1:100 phosphatase inhibitor cocktail
(Sigma Aldrich, St. Louis, MO, USA). Cells were centrifuged at 14,000 rpm at 4 ◦C for 10
min. The supernatants were collected and stored at −20 ◦C. Protein concentration was de-
termined using the Bradford assay (Bio-Rad Protein Assay kit, Bio-Rad, Hercules, CA, USA).
Equal amounts of protein from each sample were dissolved in sample buffer [Laemmli
with 5% (v/v) 2-β-mercaptoethanol and 5% (v/v) bromophenol blue] and denaturated for 5
min at 95 ◦C. Samples were separated in a 12% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS–PAGE), and proteins were transferred into nitrocellulose membranes
(Amersham Protran Premium 0.45 μm nitrocellulose blotting membranes, Cytiva, USA).
For immunostaining, membranes were blocked with 5% (w/v) non-fat dry milk in PBS
containing 0.5% (v/v) Tween20 (0.5% PBS-T) (Sigma Aldrich, USA), and primary antibod-
ies were incubated overnight at 4 ◦C with agitation (Table 2). After washing five times
with 0.5% PBS-T for 5 min, membranes were incubated with HRP-conjugated anti-mouse
secondary antibodies (GE Healthcare, USA) for 1 h at room temperature. Membranes were
washed again five times with 0.5% PBS-T for 5 min. Bands were developed using ECL
blotting substrate (Clarity Western ECL Substrate, Bio-Rad, USA). ImageJ software, version
1.54f, was used for protein quantification.

Table 2. List of antibodies used for western blotting.

Ab 1 MW 2

(kDA) 3 Blocking Dilution Species Brand Catalog no.
Storage

(◦C)
Secondary
Dilution

α-SMA 42 5% milk in
0.5% PBS-T 1:250 Mouse Abcam ab7817 −20 1:3000

GAPDH 37 5% milk in
0.5% PBS-T 1:10,000 Mouse SantaCruz sc-47724 4 1:20,000

KRAS 21 5% milk in
0.5% PBS-T 1:4000 Mouse LSBio C175665 −20 1:8000

1 Antibody. 2 Molecular weight. 3 Kilodalton.

2.6. Flow Cytometry

For flow cytometry analysis, cells were harvested using trypsin and resuspended in
RPMI supplemented with 10% heat-inactivated FBS and 1% P/S to inactivate the trypsin
(complete media). Cells were allowed to recover their membrane markers through an
incubation of 20 min in complete media in an incubator at 37 ◦C in a humidified atmosphere
with 5% CO2. For the labeling, 2 × 105 cells were used per condition. Cells were washed
with wash buffer (0.5% FBS in PBS) and resuspended in that same wash buffer. Single-cell
suspension was labeled using a 1:100 concentration (v:v) of a single antibody (Miltenyi
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Biotec, Bergisch Gladbach, Germany) in wash buffer (Table 3). As a control, a condition
where no antibodies were added to the cells (unstained) was used, since it was not required
to make a mix of antibodies. Fluorochrome-conjugated antibodies were incubated at room
temperature, in the dark, for 15 min. Labeled cells were then rinsed in wash buffer and
finally resuspended in PBS. Cells were analyzed using a FACS Canto-II (BD Biosciences)
or BD Accuri C6 (BD Biosciences) flow cytometer. Data were analyzed using FlowJo
version 10 cytometry analysis program. After performing a doublet exclusion gate, both
the percentage of positive cells and the median fluorescence intensity (MFI) were analyzed.
The gating strategy used can be found as supplementary data (Supplementary Figure S1).

Table 3. List of anti-human antibodies used for flow cytometry.

Antibody Conjugate Clone Catalog no. Brand

CD24 PE 32D12 130-098-861 Miltenyi Biotec
CD49f APC GoH3 130-100-147 Miltenyi Biotec
CD104 FITC REA236 130-124-266 Miltenyi Biotec
CD44 FITC DB105 130-113-896 Miltenyi Biotec

CD44.V6 APC REA706 130-111-425 Miltenyi Biotec
CD133 PE AC133 130-098-826 Miltenyi Biotec
CD166 APC REA442 130-106-619 Miltenyi Biotec

2.7. Sphere-Forming Assay

Following siRNA transfection, cells were harvested using Trypsin and resuspended in
RPMI supplemented with 10% heat inactivated FBS and 1% P/S. Cells were centrifuged at
1200 rpm for 5 min, the supernatant was removed, and the pellet was washed with PBS.
Cells were again centrifuged at similar conditions and resuspended in DMEM without
phenol red and 1% P/S. Single-cell suspension was achieved by physical dissociation with
a 25-gauge needle. Cells were then plated at a density of 500 cells/cm2 into 6-well plates
coated with 1.2% poly(2-hydroxyethylmethacrylate) (Merck KGaA, Darmstadt, Germany)
in 95% ethanol (Sigma-Aldrich, USA) to create non-adherent culture conditions. Cells were
cultured in optimal conditions for 5 days in DMEM without phenol red containing 1× B27
and 1× N2 supplements (Life Technologies, Carlsbad, CA, USA), 20 ng/mL epidermal
growth factor (EGF) (Sigma-Aldrich, USA), 10 ng/mL basic fibroblast growth factor (bFGF)
(Life Technologies, USA), and 1% P/S in an incubator at 37 ◦C in a humidified atmosphere
with 5% CO2. For the conditions where fibroblast-conditioned media was used, only
1× B27 and 1× N2 supplements were added because fibroblasts produce growth factors
on their own [35–37]. Sphere-forming efficiency (SFE) was calculated as the number of
spheres (≥50 μm) formed divided by the number of cells plated and multiplied by 100
to be expressed as a percentage: (SFE = Number of spheres formed/Number of cells
plated × 100). To observe and acquire pictures of the spheres (in brightfield), the IN Cell
Analyzer 2000 (GE Healthcare, USA) microscope was used. To automatically identify
the spheres in the images, ilastik version 1.3.3, an interactive machine learning tool for
(bio)image analysis as used, as well as the Cell ProfilerTM 4.0.7 cell image analysis software.
Finally, each dataset was manually curated using the ImageJ software, version 1.54f.

2.8. RNA Extraction

RNA was extracted from the cells lysed with RLT+ buffer using the RNeasy Mini kit
(Qiagen, Hilden, Germany) according to the manufacturer’s instructions. RNA concen-
tration and purity were measured using the UV-Vis spectrophotometer NanoDrop 1000
(Thermo Fisher Scientific, USA). RNA was stored at −80 ◦C until required.

2.9. Library Preparation and Transcriptome Sequencing

Spheres of KRAS-silenced cells formed in the conditioned media of activated fibrob-
lasts were compared with their KRAS-silenced counterparts, formed in control media. Due
to the low sphere-forming efficiency, the quantity of RNA extracted from each experiment
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was low, especially for the control condition. Therefore, a pool of 3 biological replicates was
used per condition. The samples were processed using Ion Torrent technology. Libraries
were prepared for each sample with the Ion AmpliSeq Transcriptome Human Gene Expres-
sion Kit targeting 20,802 genes and sequenced on a 540-chip using the Ion 540 Kit-Chef and
the S5 XL instrument (IonS5XL, Thermo Fisher, USA). The average mean read length was
113 base pairs. The produced reads were aligned to hg19 AmpliSeq Transcriptome ERCC
v1 reference sequence and hg19_AmpliSeq_Transcriptome_21K_v1 target regions.

2.10. Database for Annotation, Visualization, and Integrated Discovery (DAVID)

TAC (Transcriptome Analysis Console) software was used to generate the datasets.
Differential expression was analyzed with the help of DAVID online software, version
6.8 (https://david.ncifcrf.gov/home.jsp accessed on 15 July 2021). This comprehensive
approach allowed a preliminary gene annotation and visualization to explore the biological
functions and signaling pathways associated with both our gene sets and create tables of
functional gene enrichment.

2.11. Gene Set Enrichment Analysis (GSEA)

Gene expression data were analyzed for enrichment using GSEA software (Broad
Institute, version 4.1.0) and Human Molecular Signatures Databases (MSigDB) v2023.1.Hs,
following the described guidelines [38–40]. Several human collections from the Molecular
Signatures Database were used as the gene sets of interest, allowing us to explore the
enrichment of biologically relevant pathways and functional annotations. The normalized
enrichment score (NES) for each gene was calculated and used for further analysis and
graphical representation.

2.12. Quantification of G0 Arrest

The quantification of the G0 arrest in the RNAseq data was adapted from the G0
arrest score quantification described in [41]. R software was used for gene enrichment and
determination of G0 arrest score (original code available at: https://github.com/secrierlab/
CancerG0Arrest/tree/main/TCGA_QuiescenceEvaluation accessed on 15 October 2023).
A final positive G0 arrest score indicates that cells are quiescent, while if negative, cells
are cycling.

2.13. Statistical Analysis

Results are representative of three or more independent experiments. Quantifications
are expressed as mean ± standard deviation (SD) of the biological replicates considered.
Statistical analyses were performed using GraphPad Prism v8 (GraphPad Software Inc.,
USA). All samples were tested for normality, and significant statistical difference was
considered when the p value was less than 0.05. The statistical tests performed for each
analysis are indicated in the corresponding figure legend.

3. Results

3.1. Colorectal Cancer Cells Express Variable Basal Levels of Membrane Cancer Stem Cell Markers

To explore the role of mutant KRAS in modulating the cancer stem cell landscape
in CRC, we selected three CRC cell lines (HCT116, HCT15, and SW480), all harboring a
KRAS mutation (Table 1), though with different origins and genetic profiles. We began by
characterizing the basal stemness potential of each cell line by flow cytometry analysis,
focusing on the most commonly used membrane stem cell markers: CD24, CD133, CD166,
and CD44 and its isoform CD44v6 (Table 3). Additionally, we also included CD49f (Integrin
α6) and its binding partner CD104 (Integrin β4) in our analysis. CD49f, in particular,
has been described as a biomarker transversally present amongst stem cell populations,
including the intestinal one [42], an enhancer of tumorigenesis [23], and a possible regulator
of other stem cell markers, such as CD44 [43].
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Our analysis revealed a heterogeneous expression of cancer stem cell markers within
and across the CRC cell lines, both in the percentage of positive cells and in the level
of expression per cell, denoted by the median fluorescence intensity (MFI) (Figure 1).
Interestingly, only CD49f and CD104 receptors were highly and consistently expressed
across the three CRC cell lines.

Figure 1. Characterization of the basal levels of stem cell marker expression in CRC cell lines by flow
cytometry. Mean and standard deviation are represented in each bar. Each dot represents a biological
replicate. (a) Percentage of positive cells; (b) Absolute median fluorescence intensity (MFI).

3.2. KRAS Silencing Up-Regulates CD24 and Down-Regulates CD49f and CD104 Stemness
Markers across Cell Lines

Having established the basal expression levels of the stemness markers, we next
investigated the role of KRAS in regulating this stemness signature. To do so, we silenced
the expression of KRAS by RNAi in the three cell lines, followed by flow cytometry analysis
of the abovementioned stem cell markers.

Silencing KRAS led to significant alterations in the expression of stem cell markers,
predominantly reflected in changes in the MFI rather than the percentage of positive cells
(Figure 2). In the HCT15 cells, KRAS silencing up-regulated CD24 and CD44 MFI, while
decreasing the MFI of CD49f and CD104. CD44v6, CD133, and CD166 remained unchanged.
In the HCT116 cells, KRAS silencing increased the percentage of CD24-positive cells. On the
other hand, CD49f MFI decreased, along with both the MFI and percentage of positive cells,
for CD104, CD44, CD44v6, and CD133. CD166 remained unchanged. In the SW480 cells,
KRAS silencing up-regulated CD24 and the MFI of CD133 and CD166, whereas the MFI of
CD49f, CD104, and CD44 decreased. No alterations were found in CD44v6 expression.

In summary, KRAS silencing induced significant, cell line-dependent changes in the
expression of the stem cell markers. Despite this apparent cell line dependence, consistent
alterations in CD24, CD49f, and CD104 expression were evident across all cell lines: after
KRAS silencing, there was an up-regulation of CD24 (except the MFI in HCT116) while the
MFI of CD49f and CD104 decreased. These changes strongly suggest a decrease in cancer
stemness potential upon KRAS silencing.

3.3. Fibroblast-Secreted Factors Attenuate the Capacity of KRAS Silencing to Regulate the
Expression of Cancer Stem Cell Markers

We then examined whether the factors secreted by activated fibroblasts could influence
the modulatory effects of KRAS on stem cell markers. KRAS-silenced cells were cultured
with conditioned media from activated fibroblasts (CCD-18Co normal colon cell line
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treated with rhTGF-β1). We then analyzed the abovementioned stem cell markers by
flow cytometry.

 

Figure 2. Stem cell marker expression by flow cytometry in CRC cell lines after KRAS silencing. For
all cell lines, normality of the data was tested using Shapiro-Wilk normality test. A one-tailed paired
t-test was performed, testing for a p-value < 0.05. The symbols *, **, ***, and **** were used to denote
levels 0.05, 0.01, 0.001, and 0.0001 of statistical significance, respectively. For the samples that did not
follow normality, a Wilcoxon matched-pairs signed rank test was used. Mean and standard deviation
are represented in each bar. Each dot represents a biological replicate. (a) Percentage of positive cells;
(b) Absolute median fluorescence intensity (MFI).

Strikingly, treatment with conditioned media of activated fibroblasts attenuated the
differences in cancer stem cell expression previously observed between the control and
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KRAS-silenced cells (Figure 3). After KRAS silencing and treatment with conditioned
media in the HCT15 cells, CD24 expression increased, as seen with KRAS silencing alone,
but the reduction in the MFI of CD49f and CD104 was no longer evident. Furthermore,
CD44 expression decreased, contrary to KRAS silencing alone. CD44v6, CD133, and CD166
remained unchanged. In HCT116 cells, all significant differences between control and
KRAS-silenced cells were lost after treatment with conditioned media. Similarly, in SW480
cells, conditioned media annulled the differences in most markers, though CD44 reduction
remained. CD44v6 expression decreased, contrary to KRAS silencing alone.

 

Figure 3. Stem cell marker expression by flow cytometry in CRC cell lines after KRAS silencing, plus
treatment with conditioned media from fibroblasts. For all cell lines, normality of the data was tested
using Shapiro-Wilk normality test. A one-tailed paired t-test was performed, testing for a p-value < 0.05.
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The symbols * and ** were used to denote levels 0.05 and 0.01 of statistical significance, respectively.
For the samples that did not follow normality, a Wilcoxon matched-pairs signed rank test was used.
Mean and standard deviation are represented in each bar. Each dot represents a biological replicate.
(a) Percentage of positive cells; (b) Absolute median fluorescence intensity.

These findings highlight the role of fibroblast-secreted factors in shaping the response
of CRC cells to KRAS silencing. They suggest that fibroblast-secreted factors can miti-
gate the effects of KRAS silencing on stem cell marker levels in the membrane of CRC
cells, thus unveiling another layer of intricacy in the interplay between KRAS signaling
and fibroblasts.

3.4. Fibroblast-Secreted Factors Attenuate the Inhibitory Effect Promoted by KRAS Silencing in the
Sphere Formation Assay

To further understand how KRAS modulation and fibroblast-derived signals influence
the stem cell-like phenotype, we performed an in vitro sphere formation assay, a technique
commonly used for assessing stem cell potential based on the capacity of cells for self-
renewal. For this assay, cells were plated in anchorage-free conditions. Since resistance
to anoikis is a characteristic of stem cells, the higher the number of spheres formed, the
greater the stem cell potential of that cell line [44].

We started by investigating the role of KRAS silencing alone. KRAS silencing reduced
sphere-forming efficiency (SFE) across all cell lines, consistent with the decreased stem cell
marker expression observed earlier by flow cytometry (Figure 4a).

Figure 4. Sphere formation assay of CRC cell lines after silencing with siControl or siKRAS. For all cell
lines, normality of the data was tested using a Shapiro-Wilk normality test, and a one-tailed Paired
t-test was performed, testing for a p-value < 0.05 (symbol * denotes level 0.05 of statistical significance).
Mean and standard deviation are represented in each bar. Each dot represents a biological replicate.
(a) Sphere forming efficiency (SFE) percentage after treatment with sphere formation assay medium;
(b) SFE percentage after treatment with conditioned media from activated fibroblasts (CM).

Subsequently, we tested the effect of fibroblast-secreted factors on the SFE of control
and KRAS-silenced cells. Treatment with fibroblast-conditioned media enhanced sphere
formation in all cell lines, including control and KRAS-silenced cells. Except for SW480,
conditioned media of fibroblasts abolished the decrease in SFE induced by KRAS silencing
(Figure 4b).

These results suggest that fibroblast-secreted factors not only enhance the self-renewal
and proliferation capacity of CRC cell lines but also confer resistance to KRAS silencing.

3.5. Fibroblast-Secreted Factors Up-Regulate Proliferation, Pro-Tumorigenic, EMT, and Immune
System Regulation Pathways in KRAS-Silenced Cells

To uncover the molecular mechanisms by which fibroblast-conditioned media coun-
teract KRAS silencing, we conducted an RNASeq analysis. We focused on the HCT116
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cell line since it showed the highest SFE increase in the KRAS-silenced condition after
treatment with conditioned media of fibroblasts. We compared the gene expression profiles
of KRAS-silenced cells treated with conditioned media versus control media to identify
specific genes and pathways influenced by fibroblast-derived factors.

Analysis of the hallmark gene sets in the human molecular signature database revealed
that KRAS-silenced cells treated with conditioned media exhibited a distinctive gene
expression profile (Figure 5a–c and Supplementary Table S1). Treatment with conditioned
media of activated fibroblasts up-regulated pathways associated with cell cycle control
(E2F targets, G2-M checkpoints, MYC targets, mitotic spindle pathways), EMT, immune
system regulation (IL6, IL2, interferon-gamma, complement pathways), and several pro-
tumorigenic pathways (KRAS, NOTCH, TGF-β, and WNT).

Figure 5. RNAseq analysis of KRAS-silenced HCT116 spheres treated with conditioned media
of activated fibroblasts (Cond. Media) against control media (Ctrl Media). (a) Results of GSEA
Hallmark analysis showing enriched gene sets. Black bars indicate significant enrichment at a false
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discovery rate (FDR) < 25%, while gray bars represent gene sets with FDR > 25%. A positive
normalized enrichment score (NES) value indicates enrichment in the cells treated with conditioned
media of fibroblasts, whereas a negative NES indicates enrichment in the cells treated with control
media; (b) Enrichment plots for the most relevant data sets enriched in GSEA Hallmark analysis,
showing the profile of the running enrichment score (ES) and positions of gene set members on
the rank-ordered list; (c) Tables showing the top 10 enriched genes in each data set. Red indicates
up-regulation of the gene, while purple indicates down-regulation; (d) Quantification of G0 arrest.
Positive values indicate that cells are in a quiescent state, whereas negative values identify cells that
are in a proliferative cycle phase.

In contrast, treatment with control media up-regulated pathways related to metabolism
(cholesterol, fatty acids, and xenobiotic metabolism), cellular stress (apoptosis and hypoxia,
TNF-α and mTOR signaling pathways), and DNA damage response (unfolded protein
response and P53 pathways).

Since we had up-regulation of pathways related to cell cycle control after treatment
with conditioned media of fibroblasts, we evaluated the G0 arrest transcriptional signature.
This methodology distinguishes between cells in a state of G0 arrest (encompassing qui-
escence, senescence, and dormancy) and those in a rapid cell cycle progression state [41].
This analysis revealed that fibroblast-conditioned media drove KRAS-silenced cells into a
state of rapid cell cycling (negative G0 score), akin to stem cell self-renewal, while control
media maintained cells in a quiescent state (positive G0 score) (Figure 5d).

These results indicate that fibroblast-secreted factors override the growth-inhibitory
effects of KRAS silencing, enhancing proliferative potential and promoting a mesenchymal
phenotype through EMT and stemness-related pathways.

4. Discussion

In an era of intensive research to develop effective therapeutic strategies against KRAS
mutant tumors, our in vitro study uncovers a crucial mechanism that bypasses KRAS
silencing. This mechanism operates independently of KRAS and is orchestrated by CAF-
derived factors that trigger cancer stem cell activity, proliferation, EMT, modulation of
immune response, and up-regulation of tumorigenic pathways.

KRAS, located downstream of many cell surface receptors, is a central regulator of
intracellular signaling in response to extracellular stimuli, making it crucial for regulating
diverse cancer cell activities, including stemness [2,33,45]. This role of KRAS could be
exploited, since targeting cancer stem cells to prevent cancer recurrence remains one of
the most significant challenges in oncology. Therefore, understanding the factors and
circumstances that regulate cancer stem cell induction and maintenance—and consequently
govern the development of recurrence—is essential for improving treatment efficacy [18].

We found that while the expression of stem cell markers varied in a cell line-dependent
manner, KRAS silencing consistently resulted in up-regulation of CD24 and down-regulation
of CD49f and CD104 across cell lines. Although CD24 up-regulation has been previously
correlated with tumor progression, invasiveness, differentiation, and chemotherapy resis-
tance [46–48], its role in modulating the CRC stem cell phenotype remains inconclusive.
Some studies suggest that loss of CD24 expression is associated with poorer outcomes [49],
while others suggest that CD24 is a good prognosis marker in CRC, being down-regulated
in stage IV colorectal adenocarcinoma [46]. Regarding the expression of CD49f/CD104,
our findings align with existing literature: both CD49f and CD104 were highly expressed
at basal levels across the CRC cell lines analyzed. The CD49f/CD104 complex is crucial
for cell-cell and cell-matrix interactions and is typically overexpressed in CRC. Depletion
of the integrin CD49f/CD104 complex reduces the invasive and migratory capabilities of
cancer cells [50], highlighting its role in promoting an aggressive phenotype. Although the
mechanisms controlling its expression are still not fully known, transcription factors, such
as MYC, have been implicated in this process. Our data reinforces KRAS as a regulator of
CD49f/CD104 expression in CRC cells. KRAS silencing led to a reduction in the expression
of these markers, indicating a decreased stemness potential, as confirmed by our functional
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assay that showed a reduction in SFE. However, treatment with conditioned media from
fibroblasts annulled the effects of KRAS silencing. It restored the expression of CD49f and
CD104, indicating an increase in stemness potential, also confirmed by the enhanced SFE.
Accordingly, CD49f/CD104 can increase cell proliferation through the activation of the
Wnt/β-catenin pathway, a regulator of stem cell homeostasis in the intestinal crypts and
an upstream effector of MYC [51].

Our RNAseq results further reinforced the role of fibroblasts as mediators of resistance
to KRAS silencing. Fibroblast-derived factors induced the up-regulation of multiple path-
ways linked to critical cellular processes such as cell cycle control, EMT, immune system
regulation, and tumor development. Among these pathways, there were key signaling
routes such as KRAS, NOTCH, TGF-β, MYC, and WNT known to play significant roles
in cancer progression and therapy resistance. Specifically, E2F, MYC, and G2M pathways,
often down-regulated upon KRAS inhibition [52,53], were among the top-ranked processes
in KRAS-silenced cells stimulated by fibroblast-secreted factors. Up-regulation of these
pathways in the presence of fibroblast-secreted factors suggests a mechanism by which
fibroblasts can counteract the effects of KRAS silencing, promoting cell cycle progression
and proliferation despite the absence of KRAS activity. This was further validated by a G0
arrest transcriptional signature analysis, revealing that KRAS-silenced cells treated with
fibroblast-conditioned media shift from a quiescent state to active cell cycling, similar to
stem cell renewal.

Interestingly, the stem cell-like phenotype and EMT are deeply intertwined, as cells
undergoing EMT can acquire cancer stem cell properties, while cancer stem cells themselves
can undergo EMT to facilitate metastasis [54]. One way of inducing EMT is through the
activation of the canonical TGF-β pathway. TGF-β signaling has been correlated with
CRC subtypes with a worse prognosis and increased relapse. Conditioned media of
CAFs are enriched in TGF-β1 and, therefore, can induce EMT [55]. It also contains other
factors such as fibroblast growth factor (FGF), interleukin-6 (IL-6), hepatocyte growth factor
(HGF), osteopontin (OPN), and stromal-derived factor-1α (SDF1) [54]. The latter three
can modulate cancer cells into a more stem cell-like phenotype, particularly through the
Wnt/β-catenin pathway, increasing CD44v6 expression. IL-6 plays a critical role in immune
regulation by promoting a chronic inflammatory environment and controlling NOTCH
activation, a pathway responsible for intestinal stem cell self-renewal, cancer stem cell
maintenance, TGF-induced EMT, and therapy resistance [54,56,57]. In our study, NOTCH3
was one of the top up-regulated genes in the NOTCH pathway, commonly aberrantly
expressed in human cancers. In CRC, NOTCH3 expression increases with tumor staging
and is correlated with worse prognosis, poor overall survival, and CMS4 tumors, which are
CAF-enriched and also associated with TGF-β signaling [58,59]. NOTCH3 also plays a role
in supporting cancer stemness and resistance to therapy [59], which can be circumvented
by the use of NOTCH inhibitors since they reduce the expression of stem cell markers
and improve response to chemotherapy and radiotherapy [57]. Therefore, our data opens
the door for future studies addressing the effects of combining NOTCH inhibitors, such
as gamma-secretase inhibitors, with KRAS-targeting therapies as a strategy to mitigate
CAF-induced stemness and resistance to KRAS inhibitors.

Another way of inducing EMT by the canonical TGF-β pathway involves the activation
of the Hippo pathway [60] through the regulation of several of its key effectors. One crucial
interaction is between SMAD proteins, activated by TGF-β signaling, and YAP/TAZ, the
primary effectors of the Hippo pathway. These proteins translocate to the nucleus, where
they work together to regulate gene expression, controlling transcription of genes involved
in EMT, cell proliferation, and survival [61]. KRAS-targeted inhibition (using inhibitors
such as sotorasib or adagrasib) can also inadvertently activate Hippo signaling [62], which
promotes the maintenance of EMT characteristics essential for cancer cells to overcome
KRAS suppression and develop resistance against these inhibitors [60,62]. Our RNAseq
results on KRAS-silenced cells align with the literature. Cells treated with conditioned
media of fibroblasts show an up-regulation of genes in the Hippo pathway, including
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YAP1, WWTR1/TAZ, and TEAD1, when compared with control treatment (Table S1). It is,
therefore, plausible that in cancers harboring KRAS mutations, CAF-secreted factors can
enhance the Hippo signaling pathway through the mediation of the TGF-β pathway. This
interplay could further enhance EMT, facilitating tumor progression and resistance to KRAS-
targeted therapies. More studies are required to further explore this putative mechanism
and identify possible options to disrupt these pathways, improving therapeutic outcomes.

CAFs also play a significant role in regulating cancer metabolism, significantly im-
pacting the metabolic landscape of the tumor microenvironment [63]. Alongside this,
oncogenic KRAS also changes tumor metabolism to support quick proliferation and
survival by increasing glucose uptake, enhancing glycolysis, and reprogramming lipid
metabolism [64,65]. Interestingly, our RNAseq analysis revealed a down-regulation of path-
ways related to cholesterol, fatty acids, and xenobiotic metabolism in KRAS-silenced cells
treated with fibroblast-conditioned media. Our results indicate that fibroblasts might be
aiding the metabolic needs of cancer cells by providing them with substrates and signaling
molecules, which can help them overcome the metabolic stress caused by KRAS inhibition.
It is possible that cancer cells take up these metabolites to power oxidative phosphorylation
and other growth processes. This cooperation allows cancer cells to reduce their own
cholesterol and fatty acid production, relying instead on the metabolites provided by the
CAFs [63]. The reduction in xenobiotic metabolism may also indicate that these cancer cells
are conserving energy, focusing on growth and proliferation while leaving detoxification to
the CAFs. Further studies are required to dissect the mechanisms behind this metabolic
shift and identify its molecular mediators, guiding the exploration of combination therapies
that target both metabolic adaptations and KRAS.

Our data pinpoints fibroblast infiltration as a potential biomarker for predicting a
lack of response to KRAS-targeted treatments and lifts the veil on a fibroblast-mediated
mechanism of resistance to KRAS inhibitors (Figure 6). Such insights can be particularly
important in the case of CMS4 CRC, which is highly infiltrated by fibroblasts and might
inherently resist KRAS inhibition. Furthermore, we previously showed that KRAS-silenced
HCT116 cells promote fibroblast migration and activation [45]. When put together with our
current findings, this suggests a feedback loop driving acquired resistance: fibroblast-poor
CRCs, upon KRAS inhibition, recruit and activate fibroblasts into CAFs, which in turn
support CRC growth independently of KRAS signaling. Our research underscores the
critical need to explore these mechanisms further to improve the clinical management of
KRAS mutant CRC.
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Figure 6. Fibroblast-mediated resistance to KRAS-targeted therapies: possible clinical implications.
The combination of our current and previous results leads us to hypothesize two possible forms of
resistance mechanisms mediated by the action of fibroblasts: innate and acquired. Innate resistance
occurs in fibroblast-rich tumors, such as those from CMS4, that can inherently withstand KRAS
inhibition through the support provided by resident fibroblasts. Conversely, acquired resistance may
develop in initially fibroblast-poor tumors that recruit and activate fibroblasts in response to KRAS
inhibition, altering the tumor microenvironment to its advantage. Both scenarios ultimately lead to
resistance to KRAS-targeted therapies.

5. Conclusions

In conclusion, our findings underscore the need to rethink current therapeutic strate-
gies for targeting KRAS-mutant CRCs. Targeting KRAS alone appears insufficient to tackle
tumor growth effectively. CRC patients could benefit significantly from combined therapies
that target not only KRAS but also the cancer-associated fibroblasts (CAFs) within the tu-
mor microenvironment. Furthermore, our results highlight several potential CAF-derived
molecular targets that merit further exploration as therapeutic interventions. By adopting
a more comprehensive approach that addresses both cancer cells and their supportive
environment, we can pave the way for more successful treatments for KRAS-mutant CRC.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/cancers16142595/s1, Figure S1: Western blot showing activation of
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Figure S2: Original Western blots; Table S1: Differentially expressed genes with a 2.5 × fold change
in the RNAseq analysis.
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Simple Summary: Patients with RAS-mutant metastatic colorectal cancer are typically treated with
chemotherapy, with or without bevacizumab, as the first-line therapy. Over time, tumors in some
patients may undergo plasma clearance of RAS, transitioning from being RAS-mutant to RAS-wild
type, a phenomenon known as “RAS conversion” or “neo-RAS wild type”. The current review
focuses on this phenomenon’s incidence, evaluation methodologies, and therapeutic implications,
with a focus on the role that bevacizumab plays in it and its prospects.

Abstract: The management of metastatic colorectal cancer in patients harboring RAS mutations pri-
marily involves chemotherapy, often combined with bevacizumab, as a standard first-line treatment.
However, emerging evidence suggests that tumors in a subset of these patients may experience a
conversion from RAS-mutant status to RAS wild type (wt) during or after chemotherapy, a process
referred to as “RAS conversion” or “neo-RAS wt”. Understanding the mechanisms driving the neo-
RAS wt phenomenon is crucial for its application in personalized medicine. Hypotheses suggest that
selective pressure from chemotherapy may lead to a decrease in the number of mutant RAS clones or
an outgrowth of pre-existing RAS wt clones. Further research is needed to validate these mechanisms
and understand the impact of the neo-RAS wt phenomenon on long-term outcomes, such as overall
survival and progression-free survival. This review provides a comprehensive overview of the cur-
rent understanding of the neo-RAS wt phenomenon, including its incidence, potential mechanisms,
and clinical implications.

Keywords: RAS conversion; neo-RAS wild type; liquid biopsy; colorectal cancer; bevacizumab

1. Introduction

Mutations in RAS genes are common in patients with colorectal cancer (CRC), occur-
ring in nearly 40% of all CRC cases, and result in resistance to treatment with epidermal
growth factor receptor (EGFR) monoclonal antibodies [1,2]. Therefore, investigating the
mutational status of the RAS gene is crucial for selecting the optimal treatment combi-
nation for CRC [3]. Standard first-line systemic therapy for RAS-mutant metastatic CRC
(mCRC) typically involves fluoropyrimidine-based chemotherapy with the addition of
the anti-angiogenic drug bevacizumab. This drug has been shown to increase overall
survival (OS) (hazard ratio [HR]: 0.79; 95% confidence interval [CI]: 0.69–0.90; p = 0.0005),
progression-free survival (PFS) (HR: 0.63; 95% CI: 0.49–0.81; p = 0.0004), and the response
rate (RR: 1.50; 95% CI: 1.06–2.10; p = 0.02) in this population [4].
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Even though most RAS-mutant patients treated with systemic therapy tend to re-
main mutated over time [5], clonal evolution can occur in some cases, leading to the
disappearance of RAS-mutant clones [6–13].

Current evidence on clonal evolution primarily relies on liquid biopsy assessment,
particularly plasma samples from which circulating tumor DNA (ctDNA) has been ex-
tracted. Exceptions include the studies by Epistolio et al. and Arici et al., where mutations
were evaluated in resected metastases [14,15].

The liquid biopsy approach offers significant advantages: being minimally invasive, it can
be repeated serially over time, and it allows real-time monitoring of tumor recurrence, metastasis,
or therapeutic response, as has been widely demonstrated in recent years [6–9,11,12,16–18].

Various molecular liquid biopsy-based techniques have been considered for the treatment
of CRC, such as the evaluation of circulating tumor cells, ctDNA, exosomes, and tumor-
educated platelets [17]. These techniques are showing promising results in ongoing trials for
choosing therapeutic strategies and predicting the recurrence or prognosis of CRC [17,19].

The disappearance of RAS clones in the plasma of patients diagnosed with RAS
mutations is known as “neo-RAS wild type (wt)” or “RAS conversion”. Current scientific
evidence regarding this phenomenon is mixed. The concept of “neo-RAS wt” has not been
unambiguously defined, partly due to the different thresholds and cut-off points applied
to the methods and technologies that have been employed for liquid biopsy analysis
used so far (e.g., quantitative PCR [qPCR, TaqMan methodology], Ion TorrentTM [Thermo
Fisher Scientific, Waltham, MA, USA], IdyllaTM [Biocartis, Melchen, Belgium], MassARRAY
System® [Agena Bioscience, San Diego, CA, USA], Guardant360TM [Guardant Health, Palo
Alto, CA], OncoBEAMTM [Sysmex Suisse, Horgen, Switzerland], and HapOnco CDxTM

[Haplox Biotechnology, Hong Kong]). Each different methodology is based on its own
limits of detection (LODs) for the RAS mutation, making it difficult to provide a global
definition of the neo-RAS wt phenomenon.

In this narrative review, we aim to summarize the current literature regarding the neo-
RAS wt phenomenon. Specifically, our objective is to cover this phenomenon’s incidence
rates, evaluation methodologies, and therapeutic implications, with a focus on the impact
of bevacizumab on it and its prospects in this field.

2. General Considerations and the Role of RAS Mutations in CRC

CRC is the third most common cancer worldwide, accounting for approximately 10% of
all cancer cases, and the second leading cause of cancer-related deaths. In 2022, global cancer
statistics reported 1,926,118 new CRC cases [20]. When CRC is diagnosed at an advanced
metastatic stage, treatment options are limited, and the five-year OS rate is lower than 20% [21].
Despite many cancer treatment advances, the therapeutic approach for stage IV CRC is generally
not curative, focusing instead on increasing OS with an acceptable quality of life [3].

The introduction of specific anti-EGFR therapies, in the form of monoclonal antibodies,
represented an improvement in the treatment of advanced stages of CRC. However, it
soon became clear that molecular alterations in EGFR alone are insufficient to distinguish
which patients would benefit from these therapies and which would not, mainly due to the
molecular complexity of CRCs [22].

Analyses of not only EGFR but also all the downstream pathways have revealed how
underlying markers can signify resistance mechanisms to anti-EGFR therapies.

Some of the most relevant mechanisms of resistance to anti-EGFR drugs are mutations
in the RAS family genes. These mutations activate the RAS proteins and, consequently,
continuously simulate downstream pathways, resulting in cell proliferation and survival.
This constitutive activation can suppress the efficacy of anti-EGFR therapies [23]. KRAS
mutations are present in nearly 40% of CRC cases, and the prognostic role of this gene
is closely associated with the localization of these mutations and the specific mutation
variants [23]. It has been demonstrated that RAS mutations are associated with a worse
prognosis compared to wt (25.8 months versus 35.1 months, respectively; p = 0.006), es-
pecially those that occur in codon 12 when compared to codon 13 (22.4 months versus
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24.8 months, respectively) [24]. The main studies that investigated the interplay between
EGFR downstream alterations and the efficacy of EGFR-targeted therapies were the CRYS-
TAL, OPUS, and PRIME trials [25]. The first two clinical trials led to the approval of the
EGFR antibody cetuximab for the treatment of mCRC patients, showing that the combi-
nation of cetuximab with chemotherapy (FOLFIRI or FOLFOX) in patients whose tumors
were KRAS wt improved OS (HR: 0.81; p = 0.0062), PFS (HR: 0.66; p < 0.0001), and ORR
(OR: 2.16; p < 0.0001) compared to chemotherapy alone [25,26].

Regarding the monoclonal antibody panitumumab, the PRIME phase III study showed
that treating KRAS wt patients with this drug along with FOLFOX in the first-line treatment
improved median PFS compared to FOLFOX alone (8.6 months [95% CI: 7.5–9.5 months]
versus 10.0 months [95% CI: 9.3–11.4 months], respectively) [27]. Similar results were
obtained in the second line with an improvement in PFS comparing panitumumab plus
FOLFIRI versus FOLFIRI alone (5.9 versus 3.9 months; HR: 0.71; p = 0.004) [28].

This body of evidence led international agencies (FDA and EMA) to approve the
administration of cetuximab and panitumumab in only KRAS wt cases.

Therefore, KRAS-mutant patients are usually excluded from treatment with EGFR-targeted
therapies. However, the development of drugs specifically targeting KRAS p.G12C mutations
has prompted consideration of combining anti-EGFR therapies with KRAS-specific inhibitors in
patients with the KRAS p.G12C mutation. Preliminary results from clinical trials have shown
that direct inhibition of KRAS p.G12C is now possible, potentially leading to the development of
a novel targeted treatment for several patients with advanced CRC [29]. Indeed, the combination
of a KRAS p.G12C inhibitor and an anti-EGFR treatment has been demonstrated to improve
PFS versus standard care among patients with chemo-refractory mCRC harboring a KRAS
p.G12C mutation in the Code Break 300 and KRYSTAL-1 trials [30,31].

Recent advances in personalized medicine for CRC have focused on refining the
selection of patients who may benefit from targeted therapies. A key aspect of this approach
involves hyper-selecting patients based on specific molecular alterations, as evidenced in
the usage of PRESSING panels, which incorporate an expanded range of genetic markers to
guide treatment decisions [32,33]. Additionally, ctDNA analysis has emerged as a valuable
tool in clinical trials, such as the PARADIGM and FIRE-4 studies, where it has demonstrated
the ability to further refine patient selection, specifically by identifying patients unlikely
to respond to anti-EGFR therapy [34,35]. These strategies represent a significant step
forward in tailoring treatments to individual patients, potentially improving outcomes in
CRC therapy.

3. Neo-RAS wt: A New Reality

CRCs are highly heterogeneous tumors characterized by cells harboring different
mutational profiles [36].

However, molecular concordance between biopsies of the primary tumor and the
tumor during metastasis is very high at the time of diagnosis, often exceeding 90% of cases,
as shown in a meta-analysis [37].

The presence of heterogeneity necessitates a methodology capable of fully assessing the
different types of genetic alterations present in these tumors. It is well known that tumors
can release DNA directly into the circulatory stream as ctDNA or via circulating tumor
cells or exosomes. The introduction of ctDNA analysis has allowed for a comprehensive
overview of cancer genetics as well as clonal evolution of CRC [34,38]. It is worth noting
that 20% of CRCs do not secrete ctDNA, particularly in patients with lung metastases or
peritoneal carcinosis [39,40]. Consequently, this subgroup could present non-representative
results from liquid biopsy analyses. A potential advantage of liquid biopsy is its ability to
provide a more comprehensive snapshot of tumor dynamics and genetic alterations over
time, offering insights that a single tissue biopsy sample may not capture. This is because
liquid biopsy does not suffer from the sampling bias that can affect tissue biopsy, which
may capture only a subset of the tumor’s heterogeneous cell population.
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A concept that has gained significant relevance in recent times is the disappearance of
RAS mutations observed in ctDNA from plasma over the course of the disease. This phe-
nomenon has been referred to by various names, such as RAS reversion or RAS conversion,
but it is now more commonly known as “neo-RAS wt”. A biological explanation for this
phenomenon has yet to be defined in the literature. Many attempts have been made to find
a biological explanation for the concerns associated with the neo-RAS wt transformation,
but none of them has fully explained all the aspects of this phenomenon until now.

The possibility that anti-cancer therapy can exert pressure on mutant RAS cell clones is
supported by two publications on tissue analysis: the first from our group, which showed a
reduction in the variant allele frequency of RAS mutations in resected liver metastases from
bevacizumab-based systemic therapy-pretreated patients [15], and the second by Arici
et al., which showed that 9.3% of their resected metastases had lost the RAS mutation [14].
These results suggest that it could be very useful for patients to assess the RAS mutational
status after first-line treatment and that liquid biopsy represents the less invasive technique
as compared to tissue biopsy, although the analysis of a tissue biopsy can also be performed
if there is a need for a histological evaluation of the disease for proper clinical management.

The change in the RAS mutational status may be explained by the hypothesis that
systemic therapy administered to patients affected by KRAS-mutant mCRC can have a
better effect on KRAS-mutant cells even if this treatment does not include specific KRAS
inhibitors. Consequently, a tumor majorly characterized by KRAS-mutant clones at diagno-
sis may become mostly KRAS wt. The motivation behind this selection is, to date, a matter
of debate and has not been clearly described in the literature. Many biological pathways
may be influenced by systemic therapy that can cause clonal selection of some molecular
features, but no definitive demonstration of this has been reported so far in the literature.

The disappearance of an RAS mutation in the absence of systemic treatment could
account for the percentage of patients for whom there is no concordance between primary
tumor and metastasis. This discrepancy of plasma versus tissue might also be imputable to
the limitations of ctDNA detection or spiral and temporal heterogeneity in RAS-mt tumor
clones within the tumor issue or other aspects such as long intervals between assessments
of the molecular status in tumor tissue and ctDNA, resection of the primary tumor at the
time of blood draw, tumor site, and type of tissue analyzed [39].

Nonetheless, it should be noted that in the current evidence on the neo-RAS wt
phenomenon, the presence of circulating mutations prior to the initiation of systemic
therapy was not systematically reported. Reports from clinical trials are less affected by
this bias [11,41–45].

In studies published between 2019 and 2024, the incidence of patients presenting with
RAS regression is highly variable [5,6,11,13,18,21,41–47]. All authors who have explored
the incidence of this phenomenon with different methodologies have highlighted this,
albeit with very variable frequencies, ranging from 5.5 to 78%.

We have summarized the studies that reported having at least 50 patients in Table 1.
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One of the most scientifically productive groups to have described this phenomenon
is that of Nicolazzo and colleagues, who produced a total of four reports between 2019 and
2023 [9,18,49,50]. In their latest report in 2023, they described the presence of neo-RAS wt
in 60% of the cases they analyzed, with 42 out of 70 patients given the first-line treatment
followed longitudinally with Idylla (Biocartis). A high incidence was also reported by Wang
and colleagues using HapOncoCDx (Haplox Biotechnology); they reported that 42.6% of
61 patients were given first-line treatment [43]. On the other hand, Osumi and colleagues
reported the largest population based on the nationwide Japanese screening platform
SCRUM-Japan GOZILA regarding patients with an initial diagnosis of RAS-mutant mCRC
in different lines of therapies; the cfDNA test Guardant 360 highlighted a prevalence of
19.0% (91/478) of neo-RAS wt in Group A (all eligible patients) and 9.8% (42/429) in
Group B, a subgroup with at least one somatic alteration detected in plasma [48]. Henry
and colleagues at the MD Anderson Cancer Center found a low incidence of neo-RAS
wt, between 2 and 8%, in two cohorts, analyzing a total of 236 patients in all line therapy
settings [41].

Many confounding factors and biases can explain the large differences in terms of
incidence, apart from the ctDNA methodology aspect, which will be discussed in the
next section.

One critical aspect concerns the study population of the studies shown in the table,
which is very heterogeneous.

Patients treated in the first-line setting have a higher incidence, as reported in the
JACCRO CC-11 trial by Sunakawa et al., the clinical trial of Wang et al., and the series
reported by Nicolazzo et al. [18,43,44]. However, the PLACOL study reported by Moati
et al., which included patients in first-line treatment, reported low conversion rates [42].

In contrast, the reports by Henry, Osumi, and Wu covered more heterogeneous case
histories with patients in various lines of treatment. In this case, the neo-RAS-wt rates were
lower [16,41,45].

From an overall non-systematic evaluation of the studies, patients during the first
line of therapy might have a greater chance of presenting a neo-RAS wt status. A possible
biological rationale could be the smaller difference in terms of clonal heterogeneity and
tumor burden in the first-line setting compared to heavily pre-treated patients.

On the other hand, inclusion in a clinical trial setting and the number of patients being
high do not seem to be determining factors.

Furthermore, Osumi and colleagues described the characteristics of neo-RAS-wt
patients with a regression multivariate analysis. They showed a higher conversion rate for
patients without liver metastasis, smaller tumor diameter, and tissue RAS mutation other
than KRAS exon 2 [16].

4. Methodologies for Neo-RAS wt Evaluation

Besides patient characteristics, treatment types, and the number of lines of therapies,
another factor that can explain most of the differences observed in the neo-RAS wt status
evaluation among the various studies published in the literature is the type of molecular
tests applied to a given cohort. The reasoning behind this is that we are discussing the
possibility of identifying mutations in liquid biopsies, and, to date, the only consensus
among researchers regarding this is the use of a technique with “sufficient” sensitivity.
Currently, there is no gold-standard method for analyzing ctDNA in plasma, nor is there a
consensus on the minimum sensitivity required for the methodology. The methodologies
available on the market are characterized by a wide range of sensitivities for identifying
mutant alleles (not only KRAS), especially in contexts of high dilution with normal alleles
and significant ctDNA degradation. The methodologies employed for investigating the
presence of ctDNA are heterogeneous across all these studies, but all authors employed
either qPCR (e.g., TaqMan PCR assays and IdyllaTM, Biocartis), NGS (e.g., Ion TorrentTM,
ThermoFisher Scientific; Guardant 360TM and Guardant OMNITM, Guardant Health; and
HapOncoCDxTM, Haplox Biotechnology), ddPCR (e.g., OncoBEAMTM, Sysmex), or the
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MassARRAY® System methodology (Agena Bioscience), which combines mass spectrom-
etry with end-point PCR [5,6,9,11,16,18,21,41–47,49,51]. None of these methodologies is
better or more sensible than the others because they are really different from each other
regarding their strengths and limitations. The most common methodologies employ the
IdyllaTM (Biocartis) and GuardantTM technologies, both applied in three publications ana-
lyzing a total of six different populations, with the number of cases ranging from 23 to 82 for
the IdyllaTM (Biocartis) and 95 to 478 for the GuardantTM technology [13,18,21,41,45,46,52].
The IdyllaTM technology (Biocartis) has the strengths of having a high sensitivity (it can
find nearly the totality of mutations analyzed—more than 73.9%) [5] and being easy to
perform; however, this methodology can analyze only one marker for each experiment. A
lower sensitivity (5.1–8.7%) [52] characterizes the GuardantTM technology because, being
an NGS methodology, this methodology analyzes different genes in a single run. The
analysis of multiple markers decreases the sensitivity of the methodology, which is also
an advantage of this methodology. A disadvantage of GuardantTM, when compared to
IdyllaTM (Biocartis), is that it requires highly specialized personnel to carry out the ex-
periment. Comparing the qPCR methods, we can affirm that IdyllaTM (Biocartis) has the
same sensitivity as other TaqMan PCR methodologies but offers the advantages of being
easier to apply and using less time from DNA extraction to mutation detection; it can
complete this in a single step on a single cartridge. Another NGS methodology is Ion
TorrentTM (Thermo Fisher Scientific). Only two studies employed the NGS Ion TorrentTM

technique (Thermo Fisher Scientific) [42,47]. In one of these [42], even though the number
of patients may be considered representative of a real-world population (n = 61), it detected
a very low percentage of neo-RAS wt patients (3.3%). Like GuardantTM, the strength of Ion
TorrentTM (Thermo Fisher Scientific) is the analysis of multiple markers at one time, but
this reduces the sensitivity of the methodology. Ion TorrentTM (Thermo Fisher Scientific)
has lower sensitivity compared to other techniques, such as MassARRAY® (Agena Bio-
science), OncoBEAMTM (Sysmex), HapOncoCDxTM (Haplox Biotechnology), the TaqMan
methodology, and GuardantOMNI; studies employing these found, respectively, 56%,
20.9–83.3%, 15.2%, 51.6%, and 5.1–8.7% of neo-RAS wt patients [5,6,11,13,18,21,41–46,51].
In the paper by Moati et al., the Ion TorrentTM (Thermo Fisher Scientific) methodology
presents a neo-RAS wt patient rate (3.3%) closer to that of another NGS methodology de-
scribed in the literature for neo-RAS wt determination: Guardant 360TM or GuardantOMNI
(5.1–8.7%) [13,41,42,45]. In the other study employing Ion TorrentTM (Thermo Fisher Scien-
tific), the neo-RAS wt rate was higher (36.4%), but no conclusions could be drawn about
neo-RAS wt incidence due to the low number of cases analyzed (n = 11) [47]. In a small
number of papers, the authors applied a second confirmatory method to assess the presence
of ctDNA by methylation markers and evaluate the evolution of ctDNA release in the
bloodstream [5,10,12,41].

Regarding the presence of evaluable ctDNA, the IdyllaTM (Biocartis), MassARRAY®

(Agena Bioscience), and Guardant360TM methodologies (Guardant Health) found this marker
in nearly all cases. In contrast, Ion TorrentTM (Thermo Fisher Scientific), OncoBEAMTM

(Sysmex Suisse), HapOncoCDxTM (Haplox Biotechnology), and qPCR detected the presence
of ctDNA in 59%, 48%, 36%, and 66% of patients, respectively [5,6,11,13,18,21,41–47,51]. To
sum up the advantages and disadvantages of all the methodologies reported above, we
can conclude that all the NGS methodologies (e.g., Ion TorrentTM, ThermoFisher Scientific;
Guardant 360TM and Guardant OMNITM, Guardant Health; and HapOncoCDxTM, Haplox
Biotechnology) have the advantage of providing a broader evaluation of molecular markers
than the other techniques, but for the same feature, they are characterized by lower sensitivity.

The KRAS mutational rates need to be considered based on the LOD of the specific
methodology applied for the evaluation of RAS mutations. The LOD can be defined as the
lowest concentration of the analyte that can be detected. In liquid biopsies, the LODs for the
aforementioned assays are 2–5% for IdyllaTM (Biocartis), 2–10% for MassARRAY® (Agena
Bioscience), 2–10% for Guardant360TM (Guardant Health), 1–2% for Ion TorrentTM (Thermo
Fisher Scientific), 1% for OncoBEAMTM (Sysmex Suisse), 3–5% for HapOncoCDxTM (Hap-
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lox Biotechnology), and 1–5% for qPCR [5,6,11,13,18,21,41–47,51]. As described here, the
methodologies cited in the literature could have different LODs in liquid biopsies. The
different LODs can influence the interpretation of the rates and presence of RAS muta-
tions. To address this issue, future studies must confirm rather than exclude the presence
of ctDNA in a plasma sample. Two approaches are possible: tumor-informed analyses
or methodologies based on normalization. The first requires knowledge of the somatic
mutations present in the primary tumor tissue and the investigation of the presence of
somatic mutations in the ctDNA sample through next-generation sequencing (NGS) [42,47].
The second uses cancer-specific methylated biomarkers as a “normalizer” of the quantity
of ctDNA available in plasma [10].

Considering these limitations, we can speculate that an accurate diagnostic method,
combined with appropriate patient selection, could favor positive results, paving the
way for the use of ctDNA even in patients with an initial RAS gene mutation. Analyz-
ing the different diagnostic methods of the studies included in our review, we observe
a high variety (MassARRAY [Agena Bioscience], Guardant360TM [Guardant Health] or
GuardantOMNITM, OncoBEAMTM [Sysmex Suisse], IonTorrentTM [Thermo Fisher Scien-
tific], IdyllaTM [Biocartis], and HapOncoCDxTM [Haplox Biotechnology]) characterized by
different sensitivities. Initially, we assumed that the different rates of neo-RAS wt ctDNA
evaluable at follow-ups could be connected to the different methodologies applied and
their varying sensitivities. However, by observing the individual methodologies, we found
that the rate of neo-RAS wt cases detected is not comparable across the different studies
(except for the Guardant360TM (Guardant Health) or GuardantOMNITM assays). This
suggests that it is mostly sample heterogeneity, rather than the use of a specific method,
that defines the percentage of neo-RAS wt characterizable in CRC populations. Conse-
quently, the proportion of reverted patients may not be homogeneous, with some cases
being incorrectly defined as neo-RAS wt because the analysis involved only the subset of
cells without mutations.

Considering sensitivity and feasibility, we can conclude that different methodologies
need to be applied for specific clinical and practical scenarios. For example, if a patient
is highly symptomatic and there is no possibility of obtaining the mutational landscape
status in a short time, methodologies that are easier and faster to conduct are recommended
for a first screening (e.g., IdyllaTM, Biocartis). A more comprehensive analysis by an NGS
methodology might instead be more recommended in the case of a patient with mutations
that cannot be monitored by a smaller panel or in case the possible mechanisms of resistance
to progression have to be investigated. In general, the most recommended methodology is
qPCR by TaqMan technology [44]. Other methodologies with higher sensitivity (such as
next-generation sequencing and ddPCR) have more complex protocols and require greater
expenses for both instruments and reagents [5,11,51]. Some authors have addressed the
problem of normalizing the real quantity of RAS mutations by employing a comparison
with methylation profiles, as the application of circulating methylated DNA evaluation for
defining the dynamics of RAS mutation clearance in plasma can be a reliable method for
defining the real quantity of ctDNA in blood at different time points [5,10,12,41,42].

5. Does Bevacizumab Increase Neo-RAS wt Likelihood?

Another aspect we want to investigate further is whether specific drugs, such as
anti-angiogenic compounds, may alter the neo-RAS wt rate. Although the addition of
anti-angiogenic therapy has been shown to improve the effects of chemotherapy in terms
of response and survival, it is unknown whether this drug can exert selective pressure on
RAS-mutated clones [4].

Research conducted by our group demonstrated that bevacizumab has the biological
potential to lead to clonal selection on the RAS mutation. In our retrospective analysis,
patients who received bevacizumab had a greater reduction in the variant allelic frequency
of RAS mutation in resected liver metastases when compared to operated patients who
received standard chemotherapy but not bevacizumab (57.1% versus 8.3%) [15].
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Supporting this hypothesis, Nicolazzo highlighted that 42 out of 56 patients treated
with bevacizumab experienced a reversion of the RAS in ctDNA. Only two groups of
authors assessed whether a statistical difference existed between the rates of neo-RAS
wt cases considering the use of the drug. Klein-Scory et al. did not conclude that beva-
cizumab had an additive effect, while Nicolazzo et al. found that the inclusion of this
anti-angiogenic drug is beneficial [5,18,49]. The discrepancies found in these works can
be mainly associated with the different methodologies applied for KRAS investigation:
ddPCR and OncoBEAMTM (Sysmex) in the work by Klein-Scory et al. versus Ion TorrentTM

(Thermo Fisher Scientific) in the work published by Nicolazzo et al. Moreover, the different
cohort sizes could have influenced the data obtained, leaning in favor of the results of the
research by Nicolazzo’s group, which evaluated 72 patients, versus the study conducted by
Klein-Scory et al., who examined 12 patients [5,49].

The biological explanation for the selective effect of bevacizumab on mutant RAS cells
remains uncertain. Some hypotheses are focused on the role of bevacizumab in inflamma-
tion and neo-angiogenesis as preliminary findings in transgenic murine models [53–55].
Bevacizumab reducing angiogenesis could have a better effect against the clones most
dependent on vascular contributions, which resulted in vitro, after stimulation of angio-
genesis, as the KRAS-mutant ones. A molecular explanation was described in the work
by Figueras et al., who proposed how KRAS mutations influencing the Raf-RAS-ERKs
pathway activate the VEGF-A promoter, creating VEGF-A-associated vascularization [55].

Other hypotheses include the increased effect of bevacizumab-induced hypoxia on
these clones or the drug’s ability to increase oxidative stress on mutant RAS cells [15,18].

These data suggest a potential role for bevacizumab as a drug that can increase the
chance of achieving an RAS wt time window in which EGFR monoclonal antibodies can
be administered. However, most current publications on neo-RAS wt do not allow for a
comparison between patients treated with bevacizumab and those who did not receive the
drug. We strongly recommend that researchers and clinicians considering the neo-RAS
wt phenomenon in their clinical practice evaluate the potential role of bevacizumab in
this context.

6. Neo-RAS wt: Possible Therapeutic Implications and Prospects

The evidence of neo-RAS wt has led clinicians to evaluate the use of anti-EGFR therapy
in patients usually precluded from targeted therapy.

One of the first cases demonstrating the effectiveness of this therapeutic strategy was
reported in the article by Gazzaniga et al. in 2018 [8].

To date, we can find in the literature some encouraging results regarding the use of
EGFR inhibitors in neo-RAS wt patients. As summarized in Table 2, the authors of these
studies presented responses and sustained PFS of EGFR inhibitor monotherapy alone or in
combination with irinotecan for neo-RAS wt patients [7,10–12,16,47,48,52].

With the limitation of small sample sizes, keeping the number of patients reported
by authors to a maximum of 10, the median PFS for anti-EGFR drugs ranged from
5.5 to 14.5 months. This is comparable to, or in some cases better than, the historical
standard second-line treatment with anti-angiogenics such as FOLFIRI + aflibercept or
FOLFIRI/FOLFOX + bevacizumab [56,57].

Even though anti-EGFR therapies have shown promising PFS in neo-RAS-wt patients,
they have not been shown to increase OS when compared to standard regimens, which is a
crucial endpoint in cancer treatment. Therefore, we do not consider these therapies to be
usable outside of clinical trials.

These preliminary results are a good starting point for beginning to consider the
efficacy of anti-EGFR therapies in neo-RAS wt cases. Some phase II trials combining
chemotherapy and anti-EGFR are ongoing (Table 3). In most of them, the major confound-
ing factors are the lack of a control arm. We see heterogeneity within these ongoing trials,
particularly in the methods used to define mutations. Three trials will evaluate RAS status
via OncoBEAM (Sysmex Suisse) and two via Idylla (Biocartis).
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Table 2. Survival associated to administration of EGFR inhibitors in neo-RAS wt patients.

Author, Year Patients (n) Best Response Survival (Months)

Bouchada, 2021 [7] 9

1 CR
4 PR
2 SD
2 PD

PFS: 8.2
OS: 22.3

Nicolazzo, 2021 [10] 10 NA PFS: 10

Sato, 2022 [11] 4
1 PR
2 SD
1 PD

NA

Osumi, 2021 [12] 2 2 PR NA

Osumi, 2023 [16] 6
1 PR
2 SD
3 PD

PFS: 4.8 (0.4–11.1)

Harada, 2023 [52] 2 2 PR PFS: 5.5 (4–7)

Gramaça, 2024 [47] 4 NA

2nd line:

• PFS: 14.5
• OS: 33.6

3rd line

• PFS: 3.9
NA: not available; CR: complete response; PR: partial response; SD: stable disease; PD: progressive disease;
PFS: progression-free survival; OS: overall survival.

Table 3. Ongoing and closed phase II trials combining chemotherapy and anti-EGFR.

Study Name,
Trial ID,
Country

Method of
ctDNA

Analysis

Estimated
Patients

Setting Phase
Experimental

Arm
Control Arm Status

MoLiMoR,
NCT04554836,

Germany

OncoBEAM
(Sysmex) 144 First line II FOLFIRI +

Cetuximab
FOLFIRI +

Bevacizumab
Active, not
recruiting

CONVERTIX,
EudraCT

2017-003242-25,
Spain

OncoBEAM
(Sysmex) 40 Second line II

FOLFIRI +
Panitu-
mumab

NA Closed

CETIDYL,
NCT04189055,

France

Idylla
(Biocartis) 72 ≥Third line II

Cetuximab
+/−

Irinotecan
NA Recruiting

KAIROS,
EudraCT

2019-001328-36,
Italy

Idylla
(Biocartis) 112 Second line II

Cetuximab +
Chemo
Doublet

NA Recruiting

C-PROWESS,
jRCT, s031210565,

Japan

OncoBEAM
(Sysmex) +

Guardant360
(Guardant

Health)

30 ≥Second
line II Panitumumab

+ irinotecan NA Recruiting

NA: not available.

Looking ahead, we anticipate that future prospective clinical trials will not only
confirm the effectiveness of this approach but also integrate comprehensive translational
research involving both tissue samples and ctDNA.

Undoubtedly, an important aspect of future research will be understanding how
to harmonize data from tissue analysis with ctDNA results to elucidate their clinical
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significance and better characterize tumor heterogeneity. The data obtained from the tissue
will need to be harmonized more closely with those obtained from ctDNA analysis to
give a clear picture of the mutational status of the RAS pathway during the course of the
disease and treatment. This will be feasible by implementing ctDNA analysis, improving
sensitivity, and comparing results from tissue analysis with the support of a molecular
tumor board.

Discrepancies in results must be taken into account, and these should always be
interpreted. A comprehensive analysis must take into account many aspects, such as
patient characteristics, the type of medical treatment received and in progress, mutations
highlighted by consideration of aspects such as neoplastic cellularity and allele frequency,
and the limitations of the methods. Therefore, we believe that molecular tumor boards are
essential for interpreting results and making clinical decisions.

7. Conclusions

At present, we are far from reaching definitive conclusions on the neo-RAS wt phe-
nomenon, as the scientific community has yet to identify specific methods and patient
profiles. The complexity of tumor biology and the heterogeneity of patient responses add
additional layers of difficulty to this challenge.

Given these uncertainties, further studies are required to clarify the neo-RAS wt
phenomenon. These studies should focus on not only expanding our understanding of
the genetic and epigenetic factors involved but also refining diagnostic techniques to
improve detection sensitivity. The development of more sensitive methodologies, such as
enhanced sequencing technologies and comprehensive methylation profiling in ctDNA,
holds promise for yielding more accurate and reliable results in the future.

Additionally, longitudinal studies and large-scale clinical trials are essential to identify
potential biomarkers that can predict the emergence of neo-RAS wt and guide treatment
decisions. Collaboration across research centers and the integration of multi-omics ap-
proaches will likely be crucial in overcoming the current limitations and moving towards
more personalized and effective management of patients with CRC.

In conclusion, while significant progress has been made, the path forward requires a
concerted effort to unravel the complexities of the neo-RAS wt phenomenon.

With ongoing research and the development of more sophisticated tools, we can
anticipate a future in which the identification and management of this condition will
become more precise, ultimately leading to improved patient outcomes.
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Simple Summary: The RAS signaling pathway, a key communication system in tumors,
is often disrupted in urological cancers, such as prostate, bladder, and kidney cancers.
Normally, RASGAPs act as “off switches” for this pathway by breaking down a molecule
(RAS-GTP) that keeps the pathway active. When RASGAPs are lost or dysfunctional, the
RAS pathway becomes overactive, fueling cancer growth and spread. Research shows
that dysregulation of RASGAPs may also affect the function of treatments for urological
cancers, such as chemotherapy, radiation, or targeted drugs. This suggests that restoring or
targeting RASGAPs might improve outcomes for patients. While the mechanism behind
this improvement is complex, advances in personalized precision medicine could unlock
new therapies that exploit RASGAPs to fight these cancers more effectively. In short,
understanding RASGAPs’ function in the RAS signaling pathway offers hope for smarter,
more precise treatments in the future.

Abstract: The RAS signaling pathway is one of the most commonly dysregulated pathways
in urological cancers. This pathway can be regulated by RASGAPs, which catalyze the
hydrolysis of RAS-GTP to RAS-GDP. As such, the loss of RASGAPs can promote the activa-
tion of the RAS signaling pathway. Dysregulation of RASGAPs significantly contributes to
the progression of urological cancers, including prostate cancer, bladder cancer, and renal
cell carcinoma. Furthermore, alterations in RASGAP expression may influence sensitivity
to chemotherapy, radiotherapy, and targeted therapies, suggesting their potential as thera-
peutic targets. Despite the challenges involved, a deeper understanding of the complexity
of the RAS signaling network, along with the evolution of personalized medicine, holds
promise for delivering more precise and effective treatment options targeting RASGAPs in
urological cancers.

Keywords: RASGAPs; RAS signaling pathway; cancer therapy; urological cancers

1. Introduction

Urological cancers, including prostate cancer (PCa), bladder cancer (BCa), and renal
cell carcinoma (RCC), represent significant global health challenges due to their prevalence
and impact on patients’ quality of life [1]. These malignancies often share common molecu-
lar features, such as aberrant signaling through the RAS pathway, a critical regulator of
cell growth, differentiation, and survival [2,3]. Upon activation, the RAS pathway triggers
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downstream signaling cascades, such as the MAPK and PI3K-Akt pathways, which are
involved in driving tumor initiation and progression. The RAS gene family includes three
main members (KRAS, NRAS, and HRAS), and they encode small GTPase proteins that
act as molecular switches, cycling between an active GTP-bound state and an inactive
GDP-bound state [4,5]. The balance of RAS activity is tightly controlled by two classes of
regulatory proteins, namely guanine nucleotide exchange factors (GEFs) and RAS GTPase-
activating proteins (RASGAPs). GEFs, such as SOS (son of sevenless) typically promote
RAS activation, but RASGAPs, such as Disabled-2 Interacting Protein (DAB2IP), enhance
the intrinsic GTPase activity of RAS, leading to its inactivation [6,7] (Figure 1).

Figure 1. Summary of the function of RASGAPs in the RAS signaling pathway. In the pathway,
RASGAPs are a class of important proteins that play a crucial negative regulatory role in the RAS
signaling pathway. RASGAPs accelerate the hydrolysis of GTP on RAS proteins, converting them
from an active state (GTP-bound state) to an inactive state (GDP-bound state), thereby shutting off
the transmission of RAS signals.

Emerging research has shown that RASGAPs play crucial roles in controlling cell
differentiation, proliferation, and survival [8]. This review focuses on the expression and
function of RASGAPs in urological cancers, highlighting their functional significance, their
dysregulation in tumor progression, and their potential as therapeutic targets.

2. Structure and Physiological Roles of RASGAPs

2.1. Structure of RASGAPs

The RAS signaling pathway is central to many oncogenic processes. Early experiments
have demonstrated that RAS GTPase activity could be accelerated by specific cytosolic
proteins, leading to the discovery of RASGAPs [9]. These proteins are shown to bind RAS
and enhance its intrinsic GTPase activity, converting RAS-GTP to the inactive RAS-GDP
form, thereby acting as critical negative regulators of RAS activity [10]. Aberrations in
RASGAPs usually lead to dysregulated RAS signaling, causing excessive cell proliferation
and tumorigenesis [11]. Thus, RASGAPs provide critical insights into the regulation of
RAS signaling, highlighting their importance in cellular homeostasis.
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Since the identification of the first RASGAP in the late 1980s, 14 types of RAS-
GAPs have been discovered, with each exhibiting tissue-specific expression and dis-
tinct regulatory mechanisms [12]. The 14 main members include Neurofibromin 1 (NF1),
DAB2-interacting protein (DAB2IP), SYNaptic GTPase Activating Protein 1 (SYNGAP1),
Ras activator-like protein 1/2/3 (RASAL1/2/3), GTPase-activating protein 1/2/3/4/5
(RASA1/2/3/4/5), and IQ motif containing GTPase-activating protein homologue 1/2/3
(IQGAP1/2/3). All 14 of these RASGAPs share a conserved GAP functional domain, which
binds to RAS proteins and directly modulates the RAS activity. Additional domains medi-
ate protein–protein or protein–lipid interactions [13,14]. In the case of H-RAS inactivation,
the GAP domain engages a key catalytic residue E61 in catalysis by extending an arginine
side chain to the Ras active site [15,16]. However, mutations in critical residues, such as E61
or G12/13, prevent GTP hydrolysis, locking RAS in its active state to perpetuate oncogenic
signaling [17,18].

Furthermore, research has also revealed that different RASGAP proteins exhibit varia-
tions in their distribution and function. Some RASGAPs regulate not only the RAS pathway
but also participate in the modulation of other RAS-independent pathways [7].

2.2. Physiological Roles of RASGAPs

RASGAPs play crucial roles in cellular signaling, particularly in the regulation of RAS
proteins. The tumor suppressor function of certain RASGAPs is primarily linked to their
GAP domain’s GTPase enzymatic activity and their ability to negatively regulate RAS
activity, which is central to control cell proliferation, differentiation, and survival [5].

The tumor suppressor function of RASGAPs reveals their importance in cellular home-
ostasis and highlights them as potential targets for therapeutic intervention in cancers
where RAS signaling is aberrantly activated. However, it is important to note that not
all RASGAPs necessarily act as tumor suppressors. Some studies suggest that their spe-
cific roles may depend on the context and particular cellular environment. For example,
certain cancers may exploit RASGAP-mediated signaling for cancer cell survival or inva-
sion [19,20]. In the IQGAP family, the expression of IQGAP2 is reduced and acts as a tumor
suppressor in most solid cancer types, while IQGAP3 is overexpressed and functions as an
oncogene [21]. The dual roles of RASGAPs complicate their therapeutic targeting, high-
lighting the importance of understanding the specific cancer context in which RASGAPs
are dysregulated.

Moreover, it has been observed that certain RASGAP proteins possess broader regu-
latory roles beyond the RAS pathway. They may influence multiple signaling networks,
contributing to diverse biological outcomes. For example, some RASGAPs have been
shown to engage in pathways related to cell adhesion, cytoskeletal dynamics, and even
vesicle trafficking, independent of their canonical function in deactivating RAS [22–24].
The multiple functions of RASGAPs reveal the complexity of cellular regulation and un-
derscore their importance in the full spectrum of activities associated with individual
RASGAP proteins.

3. Dysregulation of RASGAPs Promotes Urological Cancers

The RAS pathway is highly conserved and regulates a variety of cellular processes.
Dysregulation of this pathway, especially through mutations in RAS genes, can lead to
uncontrolled cellular proliferation and cancer development [25]. In urological cancers,
specific mutations in HRAS, KRAS, and NRAS have been linked to tumor formation and
aggressive cancer phenotypes [26,27]. While mutations in RAS genes are less frequent in
urological cancers, dysregulation of RASGAPs plays a critical role in the development and
progression of these cancers. Members of the RASGAP family exhibit tumor-suppressive
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roles in urological tumors, providing new insights into their treatment. However, among
the RASGAP family members, only some of them have been closely associated with
the occurrence, development, and prognosis of urological tumors, with certain specific
mechanisms remaining unclear. Therefore, future research must continue to explore the
relationships between other RASGAP family members and urological tumors to offer more
options for precise treatment. The three major urological cancers (PCa, BCa, and RCC)
can exhibit dysregulation of the RAS pathway. However, the specific RASGAPs involved
(e.g., DAB2IP in PCa, NF1 in BCa, RASAL2 in RCC) and their functional roles may vary.
Although these cancers share common RASGAP pathway components, such as DAB2IP, the
extent of pathway involvement and its functional significance can differ due to variations
in molecular context, tumor biology, and genetic alterations (Figure 2).

Figure 2. The oncogenic effects of RASGAP downregulation in urological cancer. RASGAP down-
regulation activates the RAS signaling pathway by inhibiting RAS from an active state (GTP-bound
state) to an inactive state (GDP-bound state), thereby promoting urological cancers’ malignancy.
The interplay between RASGAP dysregulation and oncogenic processes highlights their therapeutic
relevance in urological malignancies.

3.1. RASGAPs and Prostate Cancer

Prostate cancer (PCa) is one of the most frequently diagnosed urological cancers and
one of the most frequent causes of cancer deaths in males [1]. Patients with PCa have
benefitted from androgen deprivation therapies (ADTs) and small molecule inhibitors
targeting the androgen receptor (AR). However, 30% of patients exhibit primary resistance
to both forms of treatment, and the majority of patients progress from androgen-dependent
prostate cancer (ADPC) to castration-resistant prostate cancer (CRPC) primarily due to
the emergence of AR splice variant-7 (AR-V7) [28,29]. The AR remains a key driver of
CRPC through aberrant activation in a low-androgen microenvironment. Understanding
the molecular mechanisms of PCa has led to advancements in prognostic, diagnostic, and
therapeutic approaches.

RAS signaling plays a significant role in PCa progression. While RAS mutations are
rare in PCa, dysregulation of the RAS signaling pathway via alterations in upstream or
downstream components, especially RASGAPs, is frequently observed. In PCa, several
RASGAPs, such as RASAL3, have been found to be dysregulated. This dysregulation
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of RASGAPs ultimately leads to the activation of Ras signaling in carcinoma-associated
fibroblasts [30].

Dysregulation of RAS signaling through alterations in RASGAPs significantly con-
tributes to PCa progression [31]. RASGAPs, such as DAB2IP, can be dysregulated in PCa
through several mechanisms, including genetic mutations, epigenetic modifications, and
post-translational changes. H3K27 hypermethylation of the DAB2IP promoter, mediated by
EZH2’s histone methyltransferase activity, is a common epigenetic alteration in advanced
PCa, leading to its transcriptional downregulation. Loss of DAB2IP not only negatively
regulates RAS activity but also GSK3β/β-catenin and NF-κB activity [32–35]. Increased
activation of NF-κB in DAB2IP-deficient PCa promotes epithelial-to-mesenchymal transi-
tion (EMT) and metastasis both in vitro and in vivo. Other studies have also shown that
DAB2IP knockdown promotes EMT and metastasis through targeting PROX1/HIF1α either
in LAPC-4 or RWPE-1 PCa cell lines [36,37]. This evidence forecasts that DAB2IP could in-
hibit EMT and metastasis in PCa. As a key regulator, the loss of DAB2IP expression results
in the activation of the PI3K-AKT pathway and inactivation of the ASK1-JNK pathway,
leading to accelerated PCa growth in vivo [38]. Additionally, the loss of DAB2IP function
may increase AR signaling, both in vitro and in vivo, and contribute to the development
of CRPC [39,40]. The tumor suppressor p53 has also been found to be associated with the
RASGAP pathway in PCa. PCa with mutant p53 proteins (mut p53) responds to insulin
signaling by increasing cell proliferation and invasiveness in vitro. This response is mainly
due to the fact that mutant p53 enhances insulin-induced AKT1 activation by binding and
inhibiting DAB2IP [41]. Furthermore, other studies have demonstrated that downregula-
tion of DAB2IP gene expression impacts PCa’s resistance to ionizing radiation (IR) [42].
DAB2IP re-expression sensitizes PCa cells to radiation and chemotherapy, underscoring
the therapeutic potential of targeting RASGAPs in this malignancy. Epothilone B (EpoB),
an anticancer drug, has been found to significantly increase cellular radiosensitivity in
DAB2IP-deficient PCa cells [43]. Reactivating DAB2IP or inhibiting the PI3K-AKT pathway
in DAB2IP-deficient PCa models has shown promise in preclinical studies [7,44]. Thus,
restoring the function or expression of DAB2IP or inhibiting downstream effectors of RAS
activation may provide alternative therapeutic strategies.

Moon et al. found that hypercholesterolemia was able to promote PCa metastasis
by increasing IQGAP1 both in vitro and in vivo [45]. The adhesion of cancer cells to en-
dothelial cells requires β1-integrin, and IQGAP1 regulates the transcription and expression
of β1-integrin. Mechanistically, IQGAP1 functions downstream of Cdc42 to enhance β1-
integrin expression through ERK/focal adhesion kinase (FAK) signaling at the protein
level and by promoting myocardin-related transcription factor (MRTF)/serum response
factor (SRF)-mediated transcriptional activity. This cascade ultimately upregulates β1-
integrin expression, facilitating cancer cell–endothelial adhesion [46]. Xiong et al. also
found that IQGAP1 is additionally associated with chemoresistance in PCa. The exocrine
factor ANGPTL4 is primarily expressed in cancer-associated fibroblasts (CAFs) of PCa.
Upon binding of ANGPTL4 to IQGAP1 on the membrane of PCa cells, it activates the
Raf-MEK-ERK-PGC1α axis, driving mitochondrial biogenesis and oxidative phosphoryla-
tion (OXPHOS) metabolism. This mechanism promotes PCa tumor growth and confers
chemoresistance [47]. IQGAP2 has been regarded as a tumor suppressor of PCa. Its ex-
pression is elevated in low-grade PCa (from prostatic intraepithelial neoplasia to Gleason
3 tumors). However, IQGAP2 is downregulated in high-grade PCa (Gleason 4-5) [48,49],
and its downregulation has been shown to be positively associated with recurrence and
metastasis in PCa through the activation of AKT signaling [50]. Meanwhile, IQGAP3 has
been found to be positively correlated with the infiltration of B cells, macrophages, and
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dendritic cells, indicating its potential role as a tumor-specific antigen. Its overexpression is
associated with worse overall survival rates [51].

RASA1, another RASGAP associated with aggressive PCa, has been linked to Gleason
score [52]. However, the function and mechanisms of RASA1 in PCa remain incompletely
understood. Meanwhile, RASAL1 has been shown to inhibit the tumorigenicity of human
primary cells in both PCa and BCa [53]. Recently, RASAL2 was found to be upregulated in
PCa tumors and metastatic lymph node tissues. Overexpression of RASAL2 was associ-
ated with higher PCa tumor stage, Gleason score, and poorer prognosis. Mechanistically,
RASAL2 functions as an oncogene by promoting cancer cell proliferation through acti-
vation of the PI3K/AKT/cyclin D1 pathway [54]. Additionally, Tailor et al. found that
RASAL2 could also function as a tumor suppressor by inhibiting cell proliferation and
invasion, as well as by inducing an S phase and G2/M phase cell cycle arrest through the
downregulation of TNFα [55]. RASAL3 promotes lethal PCa progression and resistance
to ADT. Mechanistically, in prostatic CAFs, RASAL3 facilitates activated Ras signaling to
drive macropinocytosis-mediated glutamine synthesis, fueling tumor metabolic demands.
ADT further induces epigenetic silencing of RASAL3, which increases glutamine secretion
from CAFs. This adaptive metabolic reprogramming sustains PCa survival and prolifera-
tion under androgen-deprived conditions, fostering therapeutic resistance and aggressive
tumor growth [56].

While studies on the function of other RASGAPs in PCa are not extensive, Kachroo
et al. found that downregulation of SPRED2, a RAS-regulator, is associated with a high
Gleason score in PCa. SPRED2 regulates the RAS signaling pathway by modulating
RASGAP’s GTPase activity through direct binding. Overexpression of SPRED2 reduced
ERK phosphorylation and inhibited PCa cell proliferation and migration [57]. Meanwhile,
loss-function mutations of SPRED2 have been observed in human cancers, leading to tumor
progression [58].

Oligophrenin 1 (OPHN1), an indirect RASGAP containing a RhoGAP domain that
enhances GTPase activity [59], is located in the same region as the AR gene, which can
be amplified by ADTs. Consequently, PCa undergoing ADTs may amplify both AR and
OPHN1. Liu et al. found that the overexpression of OPHN1 contributes to cell viability and
enhances migration in LNCaP, 22RV1, and PC3 cells [60]. Furthermore, due to the proximity
of these two genes’ location, long non-coding RNAs (lncRNAs), such as lnc-OPHN1-5, can
increase sensitivity to enzalutamide (Enz) by interfering with AR mRNA expression. This
finding could help to develop novel therapies to increase Enz treatment sensitivity [61].

RASGAPs have also been found to interact with phosphoprotein associated with
glycosphingolipid microdomains 1 (PAG), a negative regulator of immune signaling in T
lymphocytes. In this way, RASGAPs are enriched on the cell membrane to inhibit RAS
activity, ultimately suppressing the ERK1/2 pathway and cyclin D1 expression [62].

3.2. RASGAPs and Bladder Cancer

Bladder cancer (BCa) is a common malignancy, with most cases classified as non-
muscle-invasive bladder cancer (NMIBC). However, some BCa cases are characterized by
high recurrence rates and progression to muscle-invasive forms (MIBC). Despite advance-
ments in clinical treatment methods, the prognosis for BCa remains poor, particularly in
the advanced stages [63,64]. RASGAPs, such as DAB2IP and NF1, have been implicated in
regulating cellular growth and survival in BCa [65–68].

In addition to its essential roles in PCa, DAB2IP is a well-characterized RASGAP that
regulates multiple signaling pathways in BCa. Loss of DAB2IP expression has been linked
to aggressive tumor behavior in BCa [69]. In BCa, DAB2IP acts as a tumor suppressor by
inhibiting the RAS and PI3K/Akt pathways. Its downregulation, mainly due to promoter
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hypermethylation, leads to increased cell proliferation, migration, invasion, and resistance
to apoptosis, contributing to tumor growth and metastasis. Additionally, the caveolin-1
gene plays a vital role in promoter methylation of the DAB2IP gene in the progression of
urinary bladder transitional cell carcinoma (TCC) from low to high potential for malig-
nancy [70,71]. miRNA-mediated repression is another mechanism leading to DAB2IP loss
in BCa. Ou et al. found that estrogen receptor beta (ERβ) induces the expression of miR-92a
by binding to the estrogen-response element (ERE) in the 5′ promoter region of its host
gene C13orf25. miR-92a then represses DAB2IP expression by binding to its 3′ UTR [72]. In
another study, miR-92b was shown to specifically downregulate DAB2IP, promoting EMT,
migration, and invasion in BCa, though it had no effect on cell proliferation [73]. Similarly,
overexpression of miR-556-3p in BCa was found to downregulate DAB2IP and increase
ERK1/2 phosphorylation levels [74].

As a promising biomarker, DAB2IP deficiency can promote chemoresistance and
tumor recurrence in NMIBC after bladder-preserving surgery. In one study, Wu et al.
observed significant downregulation of DAB2IP expression in high-grade and recurrent
NMIBC specimens. This loss of DAB2IP was inversely correlated with elevated Twist1
expression and predicted poorer recurrence-free survival in patients. Mechanistically,
DAB2IP deficiency in BCa cells promotes STAT3 phosphorylation and transactivation,
which drives the upregulation of Twist1 and its downstream target P-glycoprotein (P-
gp). This STAT3-Twist1/P-gp axis is essential for pirarubicin chemoresistance and tumor
regrowth [75]. DAB2IP is also typically downregulated in BCa with a radioresistant
phenotype. He et al. found that overexpression of ataxia-telangiectasia mutated (ATM),
which is negatively regulated by DAB2IP, plays a central role in BCa resistance to ionizing
radiation (IR). Knockdown of ATM may activate MAPK and NF-κB signaling pathways [76].
This finding suggests that ATM may be an effective target in DAB2IP-deficient BCa with an
IR-resistant phenotype.

Additionally, NF1 is another important RASGAP that negatively regulates RAS signal-
ing in BCa. NF1 deficiency has been observed in higher-grade urinary bladder transitional
cell carcinoma (TCC), making it a potential biomarker [77]. High expression of NF1 could
be regulated by the knockdown of Heterogeneous Nuclear Ribonucleoprotein U (HN-
RNPU), which enhances chemosensitivity in BCa. In T24 cancer cells with high HNRNPU
expression, the knockout of HNRNPU inhibited cell proliferation, invasion, and migration.
Moreover, the loss of HNRNPU promoted apoptosis and S-phase arrest in T24 cells treated
with cisplatin [78]. RASAL2 expression is significantly downregulated in BCa specimens
and inversely correlates with pathological grade and clinical stage. Wu et al. demonstrated
that RASAL2 suppresses BCa stemness and EMT. Mechanistically, MAPK/SOX2 signaling
is critical for maintaining stem-like and mesenchymal properties in RASAL2-deficient BCa
cells, as inhibition of ERK activity or SOX2 knockdown reverses these phenotypes. Further-
more, RASAL2 inhibits BCa tumorigenesis and distant metastasis in vivo [79]. RASAL2
knockdown has also been shown to promote angiogenesis in BCa. Mechanistically, RASAL2
deficiency enhances AKT phosphorylation, which drives the transcriptional upregulation
of ETS1 and VEGFA. This RASAL2-AKT-ETS1/VEGFA signaling axis orchestrates proan-
giogenic reprogramming, thereby potentiating tumor vascularization and progression in
BCa [80].

Hensel et al. found that IQGAP1, a membrane of the RASGAP family, was downreg-
ulated in BCa. Its deficiency was shown to increase TGFβ signaling in BCa, suggesting
that IQGAP1 has the potential to serve as both a clinical biomarker and a cancer growth
suppressor [81]. Compared to normal controls, IQGAP3 was found to be highly expressed
in urine samples from BCa patients. The IQGAP3/BMP4 ratio in urinary cell-free DNA
has been demonstrated to be a diagnostic marker for BCa, showing high sensitivity and
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specificity, with a specificity for hematuria reaching 90.3% [82,83]. CDC42 and IQGAP3
were co-upregulated in both BCa tissues and cell lines. Mechanistically, CDC42 silenc-
ing reduced IQGAP3 expression and suppressed RAS/ERK signaling while concurrently
inducing apoptosis and inhibiting BCa cell proliferation. Notably, IQGAP3 overexpres-
sion abolished CDC42 silencing-mediated proliferation arrest and apoptotic induction.
Collectively, these findings demonstrate that CDC42 drives RAS/ERK signaling through
IQGAP3 to enhance proliferation and suppress apoptosis, thereby contributing to BCa
pathogenesis [84]. In contrast, IQGAP2, which is downregulated in BCa, may function
to inhibit tumor proliferation, migration, and invasion by regulating the MAPK/ERK
signaling pathway and cytokines [85].

Additionally, ARHGAP family genes, which share a homology with RASGAPs in
their catalytic domains, have been associated with a tumor-promoting immune microenvi-
ronment in BCa. This microenvironment is characterized by a lower Th1/Th2 cell ratio,
higher dendritic cell (DC) infiltration, increased Treg cell infiltration, and a T cell exhaustion
phenotype [86].

3.3. RASGAPs and Renal Cancer

Renal cell carcinoma (RCC) accounts for over 90% of all kidney cancers and poses
significant challenges due to its resistance to chemotherapy and radiation [87,88]. Cur-
rently, surgical intervention remains the primary treatment strategy for early-stage kidney
tumors, while targeted therapy and immunotherapy are the main treatments for advanced
stages. RCC is characterized by complex molecular mechanisms, with RAS signaling being
implicated in its progression [89,90]. Understanding the molecular drivers of RCC has led
to the development of targeted therapies, such as VEGF inhibitors and mTOR inhibitors,
though resistance to these treatments is still a hurdle.

Emerging evidence suggests that dysregulation of RAS signaling contributes to
RCC tumorigenesis. RASGAPs, particularly through the RAS/RAF/MEK/ERK and
PI3K/Akt/mTOR pathways, play a central role in RCC progression [91,92]. First, DAB2IP
is reported to be a key RASGAP involved in the regulation of multiple signaling pathways
in RCC. Downregulation of DAB2IP in RCC has been associated with increased tumor
growth and metastasis. Mechanistically, the loss of DAB2IP leads to activation of the
PI3K/Akt pathway, enhancing RCC cell survival and proliferation [93]. In one study, high
DAB2IP mRNA expression correlated with smaller tumor volume and better survival
outcomes compared to patients with low expression. Zhou et al. found that the proline-rich
domain in the C terminal (CPR) of DAB2IP could suppress AKT phosphorylation and p27
expression [93]. DAB2IP is frequently epigenetically silenced in RCC, with its loss correlat-
ing with poor overall survival. RCC cells with DAB2IP downregulation exhibit enhanced
sensitivity to growth factor stimulation and resistance to small-molecule inhibitors, such as
mTOR inhibitors. Mechanistically, DAB2IP deficiency leads to simultaneous activation of
the ERK/ribosomal S6 kinase 1 (RSK1) and PI3K/mTOR pathways, which synergistically
induce HIF-2α expression. Elevated HIF-2α subsequently represses p21/WAF1 transcrip-
tion, a critical mediator of mTOR inhibitor resistance. These findings position DAB2IP as
both a prognostic biomarker and a predictive marker for therapy response in RCC [94].

Moreover, the loss of DAB2IP results in elevated PARP-1 protein levels, which are
associated with IR resistance in RCC, providing a new targeting strategy to improve the
efficacy of radiotherapy of RCC. Mechanistically, DAB2IP acts as a scaffold to assemble a
ternary complex with PARP-1 and E3 ubiquitin ligases, facilitating PARP-1 ubiquitination
and proteasomal degradation, offering a new targeting strategy to enhance radiotherapy
efficacy in RCC [95]. Primary cilia are microtubule-based organelles that function as sensors
for physical and biochemical cues, regulating physiological and developmental processes.
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Their loss has been implicated in multiple cancers, including RCC. DAB2IP has been
identified as a novel interactor of kinesin family member 3A (KIF3A), a core component
essential for primary cilia assembly. DAB2IP stabilizes KIF3A within the axoneme, thereby
maintaining primary cilia integrity. Notably, KIF3A deficiency promotes RCC tumori-
genesis, establishing the DAB2IP-KIF3A complex as a critical homeostatic regulator in
normal renal epithelia. Mechanistically, KIF3A interacts with the N-terminal pleckstrin
homology (PH) domain of DAB2IP, which extends KIF3A’s half-life and facilitates ciliogen-
esis. KIF3A loss-induced ciliary disassembly drives renal tumorigenesis, highlighting the
tumor-suppressive role of primary cilia stability mediated by this complex [96].

RCC, characterized by hypervascularity, is clinically managed using targeted therapies
against the VEGFA/VEGFR2 signaling axis. Zhu et al. identified the lncRNA DMDRMR
as a molecular sponge for miR-378a-5p, which upregulates EZH2 and SMURF1 expres-
sion. This DMDRMR/miR-378a-5p axis promotes the dual suppression of DAB2IP through
EZH2-mediated transcriptional silencing and SMURF1-dependent proteasomal degradation.
Consequently, DAB2IP loss activates VEGFA/VEGFR2 signaling, driving angiogenesis and
conferring sunitinib resistance in ccRCC [97]. Yun et al. demonstrated that DAB2IP enhances
miR-138 expression, which suppresses stem-like phenotypes in RCC by directly targeting
ATP-binding cassette subfamily A member 13 (ABCA13) and EZH2. However, miR-138
downregulation in RCC is driven by DNA methyltransferase 1 (DNMT1)-mediated epigenetic
silencing via promoter hypermethylation. DAB2IP may interact with DNMT1 to facilitate
promoter methylation, amplifying ABCA13/EZH2-dependent pro-tumorigenic signaling [98].
Yeh et al. demonstrated that tumor-infiltrating T lymphocytes enhance RCC invasiveness
by upregulating estrogen receptor β (Erβ) expression, which suppresses DAB2IP-dependent
tumor-suppressive signaling. This T cell/ERβ/DAB2IP axis drives a pro-invasive cascade,
suggesting that therapeutically targeting this pathway may disrupt RCC progression [99].

Second, RASAL2, another RASGAP in RCC, has been shown to inhibit angiogenesis
both in vitro and in vivo by decreasing the expression of vascular endothelial growth factor
A (VEGFA) through the p-GSK3β/c-FOS pathway. This study provides new insights into
preventing RCC resistance to anti-vascular therapy [100].

In addition, aldehyde dehydrogenases 9 family A1 (ALDH9A1) deficiency has been
linked to increased tumor proliferation, invasion, migration, and lipid accumulation in
RCC. Mechanistically, reduced ALDH9A1 levels impair its cytoplasmic sequestration of
nucleophosmin 1 (NPM1), leading to suppressed transcription of IQGAP2. This transcrip-
tional repression subsequently activates the AKT-mTOR signaling pathway, which drives
tumor progression and dysregulates lipid metabolism in RCC [101].

Mutations in RASGAPs also play crucial roles in regulating the RAS signaling pathway.
Vanli et al. found that a point mutation in RASGAP prevented its cleavage by caspase-3,
thereby enhancing RAS signaling [102]. In non-small cell lung cancer (NSCLC), NF1 co-
mutation with RASA1 has been described [103]. Similarly, in breast cancer, mutations in
RASAL2 have been reported to promote tumor growth, progression, and metastasis in
mouse models [104]. Furthermore, loss-of-function mutations of RASA2 have been linked
to increased RAS activation, melanoma cell growth, and migration in melanomas [105].
Inactivation mutations of RASGAPs promote tumorigenesis by disrupting the negative
regulation of the Ras signaling pathway, potentially holding significant pathological im-
plications in urological malignancies. However, direct evidence of RASGAP mutations in
urological tumors remains limited, with most conclusions extrapolated from general mech-
anisms and other tumor types. Future research should focus on comprehensive genomic
sequencing and functional assays to delineate the specific mutation profiles of RASGAPs in
urological cancers. This would clarify their precise mechanistic roles and therapeutic poten-
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tial in urological cancers. To summarize the functions of RASGAPs discussed above, Table 1
presents their expression patterns, biological effects, and mechanisms in urological cancers.

Table 1. The expression and function of RASGAPs in PCa, BCa, and RCC. The protein expression
level of RASGAPs in urological organs (data adapted from the Human Protein Atlas database:
https://www.proteinatlas.org/, accessed on 16 February 2025). The expression levels are categorized
as +, ++, or +++. Note that this is a generalized representation, and specific expression levels may
vary depending on the tissue and cell type.

Tumor Type RASGAPs Exp. Biological Effect Mechanism Ref.

PCa

DAB2IP +++

DAB2IP loss promoted PCa EMT
and metastasis

Tumor suppressor: targeted GSK3β/β-catenin;
targeted NF-κB signaling; targeted
PROX1/HIF1α

[35–37]

DAB2IP loss accelerated PCa
growth in vivo

Tumor suppressor: targeted PI3K-AKT and
ASK1-JNK pathway [38]

DAB2IP loss contributed to the
development of CRPC

Tumor suppressor: targeted testosterone
synthesis and AR signaling [39,40]

DAB2IP loss increased cell
proliferation and invasiveness

Tumor suppressor: mut p53 enhanced
insulin-induced AKT1 activation by binding
and inhibiting DAB2IP

[41]

DAB2IP loss promoted resistance to
ionizing radiation

Tumor suppressor: enhanced DSB repair,
robust G(2)-M checkpoint control, and
resistance to apoptosis and

[42–44]

IQGAP1 +++

IQGAP1 promoted cancer cell
dissemination and metastasis

Oncogene: regulated β1-integrin via FAK and
MRTF/SRF [46]

IQGAP1 promoted PCa tumor
growth and increased
chemoresistance

Oncogene: activated by ANGPTL4 in CAFs to
activate Raf-MEK-ERK-PGC1α axis and drive
mitochondrial biogenesis and OXPHOS
metabolism

[47]

IQGAP2 +++
IQGAP2 downregulation was
associated with high Gleason score,
recurrence and metastasis

Tumor suppressor: activated AKT signaling [50]

IQGAP3 +
IQGAP3 was positively correlated
with infiltration of B cells,
macrophages and dendritic cells

- [51]

RASA1 ++
RASA1 was positively associated
with aggressive PCa and Gleason
score

- [52]

RASAL1 + RASAL1 inhibited tumorigenicity of
human primary cells - [53]

RASAL2 +

RASAL2 promoted tumor cell
proliferation, the transition from G1
to S phase in vitro and tumor
growth in vivo

Oncogene: activated PI3K/AKT/cyclin D1
pathway [54]

RASAL2 overexpression inhibited
cell proliferation and invasion and
induced an S phase plus G2/M
phase cell cycle arrest

Tumor suppressor: downregulated TNFα
expression [55]

RASAL3 +
Epigenetic silencing of RASAL3
promoted lethal PCa growth and the
development of resistance to ADT

Tumor suppressor: expressed in prostatic
CAFS; activated Ras signaling and drived
macropinocytosis-mediated glutamine
synthesis; ADT promoted RASAL3 epigenetic
silencing and glutamine secretion

[56]
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Table 1. Cont.

Tumor Type RASGAPs Exp. Biological Effect Mechanism Ref.

BCa

DAB2IP +++

DAB2IP-deficient BCa cells
promoted chemoresistance and
tumor recurrence in NMIBC

Tumor suppressor: targeted STAT3
phosphorylation and transactivation; elevated
Twist1 and P-glycoprotein expression

[75]

DAB2IP-knockdown induced BCa
resistance to IR

Tumor suppressor: elevated expression of
ATM; inhibited MAPK and NF-κB signaling
pathways

[76]

NF1 ++
Knockout of HNRNPU enhanced
cisplatin sensitivity by regulating
NF1 expression

- [78]

RASAL1 +
RASAL1 inhibited the
tumorigenicity of human primary
cells

- [53]

RASAL2 +

RASAL2 BCa tumorigenesis and
distant metastasis in vivo

Tumor suppressor: inhibited MAPK/SOX2
signaling and BCa stemness and EMT [79]

Knockdown of RASAL2 promoted
angiogenesis in BCa

Tumor suppressor: targeted
RASAL2-AKT-ETS1/VEGFA signaling axis [80]

IQGAP1 +++ IQGAP1 inhibited cancer growth Tumor suppressor: regulated TGFβ signaling [81]

IQGAP2 +
Reduced IQGAP2 promoted tumor
proliferation, migration, invasion
and EMT

Tumor suppressor: regulated MAPK/ERK
pathway and reduced cytokines [85]

IQGAP3 ++ IQGAP3 inhibited apoptosis and
promoted BCa cells proliferation Oncogene: activated RAS/ERK signaling [84]

RCC

DAB2IP +++

DAB2IP knockdown increased cell
proliferation, promoted cell cycle
progression in G1/S phase

Tumor suppressor: regulated the
phosphorylation level of AKT and p27 [93]

Loss of DAB2IP enhanced RCC
sensitivity to growth factor
stimulation and resistance to mTOR
inhibitors

Tumor suppressor: targeted ERK/RSK1 and
PI3K/mTOR pathways; induced HIF-2α
expression; repressed p21/WAF1 transcription

[94]

Loss of DAB2IP elevated PARP-1
protein levels; RCC acquired
IR-resistance

Tumor suppressor: DAB2IP acted as a scaffold
to assemble a ternary complex with PARP-1
and E3 ubiquitin ligases, facilitating PARP-1
ubiquitination and subsequent proteasomal
degradation

[95]

DAB2IP-KIF3A complex
suppressed renal tumorigenesis

Tumor suppressor: KIF3A interacted with the
N-terminal PH domain of DAB2IP; extended
KIF3A’s half-life and facilitates ciliogenesis

[96]

DAB2IP loss drived angiogenesis
and conferring sunitinib resistance
in RCC

Tumor suppressor:
DMDRMR/miR-378a-5p/DAB2IP axis;
targeted VEGFA/VEGFR2 signaling

[97]

DAB2IP-mediated miR-138 in
modulating RCC stem-like
phenotypes

Tumor suppressor: DAB2IP loss interact with
DNMT1 to facilitate promoter methylation of
miR-138; miR-138 could suppress ABCA13
and EZH2

[98]

DAB2IP inhibition promoted RCC
cell invasion

Tumor suppressor: targetd infiltrating T
cells/ERβ/DAB2IP signals [99]

RASAL2 ++ RASAL2 inhibited angiogenesis Tumor suppressor: decreased the expression
of VEGFA through p-GSK3β/c-FOS pathway [100]

IQGAP2 ++

ALDH9A1 deficiency promoted
tumor proliferation, invasion,
migration, and lipid ac-cumulation
in RCC through downregulating
IQGAP2

Tumor suppressor; involved in
ALDH9A1-NPM1-IQGAP2-AKT axis [101]

4. Targeting the RASGAPs Is a Significant Strategy in Cancer Therapy

The therapeutic targeting of RAS and its regulators has long been a challenge due to
the “undruggable” nature of RAS [106]. RAS proteins were historically considered difficult
due to their smooth surface and the high affinity of GTP binding [107]. Despite extensive
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research, directly inhibiting RAS has remained challenging [108]. However, recent advances
in the development of direct RAS inhibitors, as well as therapies targeting downstream
effectors of RAS, offer promising avenues for cancer treatment [109].

RASGAPs, which regulate multiple aspects of RAS signaling, represent attractive tar-
gets for therapeutic intervention. Restoring RASGAP function or inhibiting compensatory
pathways activated by RASGAP loss may provide novel treatment strategies for urological
cancers (Figure 3). One approach involves restoring the expression of downregulated
RASGAPs, such as DAB2IP, using gene therapy or small-molecule drugs. Studies have
shown that targeting inhibitory miRNAs can restore endogenous DAB2IP protein levels
and function. However, a major limitation of RNA-based strategies in clinical applications
is efficient delivery to tumor cells [110–112]. Significant research is currently underway to
develop both lipid and non-lipid nanocarriers for improved RNA delivery [113].

Figure 3. Potential therapies targeting RASGAPs in urological cancers. Therapies aimed at increasing
RASGAP levels result in increased RASGAP gene expression by contributing to the demethylation
of RASGAPs. Therapies targeting pathways activated by RASGAPs are shown. By targeting these
pathways, the aim is to sensitize cancer cells to inhibitors, therapy, or ionizing radiation, thereby
reducing cell proliferation and invasion. Consequently, these strategies seek to mitigate the effects
of RAS signaling in urological cancer cells, either by enhancing the expression of RASGAPs or by
directly interfering with downstream signaling pathways.

Furthermore, RASGAP expression is regulated at epigenetic levels, including promoter
DNA and histone hypermethylation. Since DAB2IP transcription is repressed by the
epigenetic factor EZH2, targeting EZH2 with its inhibitor GSK126 could restore DAB2IP
expression [114]. Similarly, inhibitors of DNA methyltransferase 3A (DNMT3A) have been
proven to reduce the proliferation and survival of colorectal cancer cells by upregulating
the DAB2IP protein level [115].

Alternatively, targeting pathways activated by RASGAP loss may be an effective
therapeutic strategy. The negative feedback regulation between AR and PI3K/AKT signal-
ing networks has been previously demonstrated [116]. For instance, PCa with enhanced
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PI3K/AKT/mTOR signaling due to DAB2IP downregulation may be more sensitive to
combined treatment with PI3K inhibitors and AR pathway inhibitors, such as enzalutamide
and abiraterone [117,118]. Additionally, several genotoxic drugs, including cytolethal dis-
tending toxin (CDT), epothilone B, and ATM inhibitors, have been found to resensitize
DAB2IP-deficient prostate or bladder cancer cells to IR [43,119,120].

Given the complexity of RAS signaling, combination therapies targeting both RAS
and its regulatory pathways may be required. Combining RASGAP modulators with
inhibitors of downstream effectors, such as MEK or PI3K inhibitors, may enhance ther-
apeutic efficacy [61]. In PCa, AR signaling supports tumor growth and survival, while
PI3K/AKT activation, due to PTEN loss, drives proliferation and resistance to AR-targeted
therapies. The reciprocal feedback between these pathways, where inhibition of one often
leads to compensatory activation of the other, contributes to treatment resistance. These
findings highlight the complexity of PCa biology and underscore the need for integrated,
precision-based approaches to target interconnected pathways and improve patient out-
comes [117,118].

Additionally, immunotherapies that exploit the immune-modulatory effects of RAS-
GAPs in the tumor microenvironment are a promising avenue for future research [121].
Urological tumors with RASGAP deficiencies may possess a distinct immune landscape.
Combining RAS pathway inhibitors with immune checkpoint inhibitors (e.g., anti-PD-
1/PD-L1 agents) could potentially enhance antitumor immune responses and overcome
therapeutic resistance.

Furthermore, the development of small molecules or peptides that mimic RASGAP
function may provide a direct approach to suppressing RAS signaling. However, RAS-
driven tumors are highly heterogeneous, with diverse genetic alterations influencing their
response to therapy [122]. This heterogeneity complicates treatment strategies, as not all
tumors will respond to the same therapeutic approach. Personalized medicine, which
tailors therapies based on the specific genetic profile of each tumor, holds great promise for
overcoming these challenges and optimizing therapeutic outcomes.

5. Perspectives on the Future of RASGAPs

While significant progress has been made in targeting the RAS signaling pathway
and RASGAPs, several challenges remain. These include the development of resistance
to targeted therapies [123], the heterogeneity of RAS mutations across different urological
cancer types [108], and the intricate complexity of RAS signaling networks [106]. Since
RASGAP-related pathways play crucial roles in normal cells, therapies targeting these
pathways may induce toxicity in normal tissues. Moreover, urological tumors exhibit high
heterogeneity, and RASGAP-deficient tumors may display diverse molecular characteristics
and clinical behaviors. A deeper understanding of the interaction between RAS signaling
and other oncogenic pathways could lead to the identification of novel therapeutic targets,
particularly in PCa [124].

Another important tumor suppressor, p53, plays a vital role in preventing tumor
initiation by regulating the cell cycle and DNA repair. p53 mutations, especially mis-
sense mutations, are prevalent across various cancers, including urological cancers. Mu-
tant p53 (mutp53) can regulate key oncogenic pathways, such as PI3K/AKT/mTOR and
RAS/MAPK [125]. Giulio et al. found that mutp53 enhances NF-κB activation while
inhibiting ASK1/JNK via TNFα, a function that depends on its binding to and inhibition
of DAB2IP in the cytoplasm [126]. As previously discussed, Elena et al. found that mutp53
promotes cell proliferation and invasiveness by interacting with DAB2IP in PCa [41]. In
BCa, p53 mutations occur with high incidence [127]. However, the extensive function of

121



Cancers 2025, 17, 1485

DAB2IP in PCa and other urological cancers remains insufficiently understood. Further
research is needed to clarify its specific mechanism.

The comprehensive review of RASGAPs in urological cancers underscores their impor-
tant roles in tumor progression. While significant advances have been made in elucidating
their mechanisms, several critical gaps and contradictions limit their translational applica-
tion. The paradoxical roles of RASGAPs across tumor types highlight the complexity of
their regulatory networks. For instance, IQGAP1 acts as an oncogene in PCa by activating
Raf-MEK-ERK signaling but functions as a tumor suppressor by inhibiting TGFβ signaling
in BCa. Similarly, RASAL2 inhibits MAPK/SOX2-driven stemness in BCa yet promotes
PI3K/AKT activation in PCa. These discrepancies may arise from tissue-specific interac-
tomes or post-translational modifications, but the lack of systematic comparative studies
across malignancies hampers the development of unified mechanistic models.

Although DAB2IP’s tumor-suppressive functions are well documented, its application
in therapy strategies of CRPC remains poorly integrated into clinical paradigms. While
preclinical studies suggest DAB2IP restoration sensitizes tumors to therapy, clinical val-
idation is still lacking. Additionally, much of the current research heavily relies on cell
line studies (e.g., PC-3, T24) and xenograft models, which inadequately recapitulate hu-
man tumor heterogeneity and stromal interactions. For example, while RASAL3’s role
in CAF-mediated glutamine synthesis in CRPC is mechanistically compelling, it lacks
validation in patient-derived organoids or clinical cohorts. Similarly, proposed therapeutic
strategies—such as using EZH2 inhibitors to reactivate DAB2IP or PI3K/AR inhibitor
combinations—are supported by preclinical data but face challenges regarding delivery
specificity and toxicity. The absence of clinical trials directly targeting RASGAPs represents
a critical gap in the field. Moreover, while this review highlights RASGAPs’ interplay with
diverse pathways (e.g., NF-κB, HIF-2α, STAT3), the hierarchical and temporal regulation of
these interactions remains unclear. For instance, while DAB2IP’s suppression of PI3K-AKT
and activation of ASK1-JNK in PCa is well documented, how these opposing signals are
balanced in vivo remains unexplored.

To address these gaps, future efforts should focus on identifying biomarkers that
predict responses to RAS-targeted therapies, understanding the resistance mechanisms,
and developing more effective combination therapies [128]. Emerging technologies, such
as single-cell RNA sequencing (scRNA-seq) and spatial transcriptomics, may provide
deeper insights into RASGAP heterogeneity within tumor subpopulations. Additionally,
prospective clinical trials correlating RASGAP expression and mutation status (e.g., DAB2IP
promoter methylation) with therapeutic responses to PARP or MEK inhibitors could aid
in clinical biomarker validation. Furthermore, rational combination strategies, such as
pairing RASGAP modulators (e.g., EZH2 inhibitors) with immune checkpoint blockers,
may enhance treatment efficacy. By integrating these approaches, we can improve our
understanding of the initiation and development of urological cancers, ultimately laying
the groundwork for new targeted therapies. Advances in precision medicine, coupled with
deeper insights into RASGAP biology, are expected to pave the way for more personalized
and effective treatments for RAS-driven cancers.

6. Conclusions

Urological cancers, including PCa, BCa, and RCC, demonstrate a significant reliance on
aberrant RAS signaling, underscoring the importance of the RAS pathway as a therapeutic
target. The RAS family of small GTPases plays an important role in regulating cellular
processes, such as growth, differentiation, and survival, primarily through downstream
signaling cascades, including the MAPK and PI3K-Akt pathways. Dysregulation of the
RAS signaling pathway is commonly mediated by the interaction of RAS with GEFs and
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RASGAPs. RASGAPs are essential for inactivating RAS by accelerating the conversion of
RAS-GTP to RAS-GDP, thus acting as critical regulatory checkpoints.

RASGAPs are closely associated with urological cancers, and their function in these
cancers is complicated. Therefore, future research should focus on elucidating the mecha-
nisms through which RASGAPs contribute to the development and progression of urologi-
cal cancers. Such research could provide new insights into targeted therapies in urologi-
cal cancers.

The distinct molecular features of RASGAPs in urological cancers provide a basis for
exploring the targeting of the RAS signaling pathway therapies. Continued research into
the molecular mechanisms by which RASGAPs govern RAS activation and inactivation,
as well as into the specific roles of RASGAPs in various cancer contexts, will enhance our
understanding of tumor biology and offer promising avenues for therapeutic intervention.
However, the complexity of the RAS signaling pathway necessitates a nuanced approach,
as therapeutic targeting must consider the broader signaling network and potential com-
pensatory mechanisms within cancer cells.
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ADPC Androgen-dependent prostate cancer
ADTs Androgen deprivation therapies
AKT Protein Kinase B (also known as PKB)
AR Androgen receptor
ARHGAP Rho GTPase-Activating Protein
ASK1-JNK Apoptosis Signal-regulating Kinase 1–c-Jun N-terminal Kinase
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BCa Bladder cancer
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DAB2IP Disabled-2 Interacting Protein
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EMT Epithelial-to-mesenchymal transition
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ERβ Estrogen receptor beta
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ERK1/2 Extracellular Signal-Regulated Kinase 1/2
GEFs Guanine nucleotide exchange factors
GSK3β Glycogen Synthase Kinase 3 Beta
GSK126 EZH2 inhibitor (specific compound)
HIF1α Hypoxia-Inducible Factor 1-alpha
HIF2α Hypoxia-Inducible Factor 2-alpha
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IQGAP1 IQ motif-containing GTPase-Activating Protein 1
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MEK Mitogen-Activated Protein Kinase Kinase
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NF-κB Nuclear factor kappa B
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PARP-1 Poly (ADP-ribose) Polymerase 1
PCa Prostate cancer
PD-L1 Programmed Death-Ligand 1
PI3K Phosphoinositide 3-Kinase
PROX1 Prospero Homeobox 1
RASA1/2/3/4 Ras GTPase-Activating Protein family members
RASAL1/2/3 Ras Activator-like proteins
RASGAPs RAS GTPase-Activating Proteins
RCC Renal cell carcinoma
RSK1 Ribosomal S6 kinase 1
SPRED2 Sprouty-Related EVH1 Domain-Containing Protein 2
SYNGAP1 SYNaptic GTPase Activating Protein 1
TCC Transitional cell carcinoma
TGFβ Transforming growth factor beta
Th1/Th2 T-helper 1/T-helper 2 cells
Treg Regulatory T cell
UTR Untranslated region
VEGF Vascular endothelial growth factor
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Simple Summary: Pancreatic cancer is one of the most heterogeneous and highly aggres-
sive malignancies. Traditionally, the gradual evolution model of pancreatic tumors has been
based on the progressive acquisition of key genetic alterations. However, a complementary
model based on rapid genetic evolution has also emerged, according to which driver gene
inactivations can occur simultaneously. In both models, an activating mutation in the KRAS
oncogene is the main initiating event in acinar pancreatic cells. However, in advanced
stages of the disease, additional amplifications and major imbalances in the mutant KRAS
allele are often detected. Here, we discuss how KRAS allelic imbalances can arise during
tumor evolution. We also analyze the importance of KRAS allelic imbalances in pancreatic
cancer biology and their possible therapeutic implications.

Abstract: Pancreatic Ductal Adenocarcinoma (PDAC) belongs to the types of cancer with
the highest lethality. It is also remarkably chemoresistant to the few available cytotoxic
therapeutic options. PDAC is characterized by limited mutational heterogeneity of the
known driver genes, KRAS, CDKN2A, TP53, and SMAD4, observed in both early-stage
and advanced tumors. In this review, we summarize the two proposed models of genetic
evolution of pancreatic cancer. The gradual or stepwise accumulated mutations model has
been widely studied. On the contrary, less evidence exists on the more recent simultaneous
model, according to which rapid tumor evolution is driven by the concurrent accumulation
of genetic alterations. In both models, oncogenic KRAS mutations are the main initiating
event. Here, we analyze the emerging topic of KRAS allelic imbalances and how it arises
during tumor evolution, as it is often detected in advanced and metastatic PDAC. We
also summarize recent evidence on how it affects tumor biology, metastasis, and response
to therapy. To this extent, we highlight the necessity to include studies of KRAS allelic
frequencies in the design of future therapeutic strategies against pancreatic cancer.

Keywords: pancreatic ductal adenocarcinoma (PDAC); KRAS; allelic imbalance; wild-type
allele; loss of heterozygosity; tumor evolution; genomic rearrangements; metastasis

1. Introduction

Pancreatic cancer is one of the most aggressive malignancies and has become the
third leading cause of cancer-related deaths worldwide [1]. With a 5-year survival rate
of only 5%, the median survival is less than 6 months [2]. This elevated mortality is
mainly attributed to late diagnosis, as locally advanced disease is largely asymptomatic.
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Unfortunately, this dismal prognosis has remained unchanged over the years, as minimal
improvements have been made in the field of treatment [3]. Currently, surgical resection
remains the only curative option for early-stage local disease, which corresponds to 20-30%
of patients. Nevertheless, the recurrence of pancreatic tumors occurs in up to 85% of these
patients [4]. So far, adjuvant treatment with 5-fluorouracil, leucovorin, irinotecan, and
oxaliplatin (FOLFIRINOX) has been demonstrated to provide the longest median overall
survival (OS) of 54 months in patients with resectable disease [5].

Approximately 70–80% of patients do not benefit from surgery, because at the time of
diagnosis they display advanced disease with metastasis. Thus far, cytotoxic chemotherapy
is the standard treatment for late-stage patients, with overall survival in the range of weeks
to a few months [3]. More specifically, the standard of care consists of modern combina-
tions of highly cytotoxic agents, such as nab-paclitaxel plus gemcitabine or FOLFIRINOX,
that only provide modest improvements in OS, in the range of weeks to months [6,7].
Undoubtedly, there is urgent need for novel targeted therapies with reduced toxicities. At
present, there are numerous ongoing clinical trials investigating the efficacy of inhibitors
against druggable mutations, such as KRAS, PARP, and SHP2 [8–10]. Yet, only few targeted
therapies or immunotherapeutic approaches have been approved for clinical use [11].

Pancreatic Ductal Adenocarcinoma (PDAC) accounts for more than 90% of all pancre-
atic tumors. The majority are non-hereditary PDACs and are caused by the accumulation
of somatic mutations in oncogenes and tumor suppressor genes. All large-scale genomic
studies have confirmed the most common alterations in the KRAS oncogene, and the tu-
mor suppressor genes, CDKN2A, TP53, and SMAD4 [12–15]. More specifically, activating
mutations in KRAS are detected in 95% of all pancreatic tumors [14,15]. CDKN2A, TP53,
and SMAD4 are commonly inactivated in 50–80% of pancreatic tumors by methylation
or homozygous deletions [16]. Other mutated genes in ~10% of tumors include TGFBR1,
ARID1A, GLI3, and TGFBR2 [16,17].

Additionally, other types of genomic changes, such as copy number alterations, that
involve high numbers of amplified or lost genes, are also often detected [17,18]. Waddell
et al. have separated pancreatic tumors based on the number and location of structural vari-
ants. Subtypes designated as locally rearranged or unstable seem to be defined by a large
(>200) number of events or structural variants, respectively [13,16]. These genomic rear-
rangements occur frequently during tumor evolution, explaining the limited heterogeneity
observed among the known driver genes between primary and metastatic PDAC [19].

Here, we present a brief overview of the proposed models of PDAC evolution, in
correlation with these genomic alterations. We also focus on the main driver oncogene,
KRAS, and discuss how different allelic frequencies arise during tumor progression and
how they affect tumor biology.

2. Tumor Evolution

Two models of tumor evolution have been proposed for the genomic events that
occur during PDAC evolution. According to the classical or gradual progression model,
precursor lesions accumulate genetic alterations over many years and eventually lead to
malignancy [20–22]. Alternatively, the more recent model of simultaneous progression
proposes that PDAC driver gene activations and inactivations can occur concomitantly
through complex chromosomal rearrangements, leading to rapid tumor development and
dissemination [23,24].

2.1. Gradual Progression Model

Most PDACs emerge from non-cystic precursor lesions, such as pancreatic intraepithe-
lial neoplasias (PanINs) [25], although a small minority consists of cystic lesions, such as in-
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traductal papillary mucinous neoplasm (IPMN) and mucinous cystic neoplasm (MCN) [26].
PanINs are microscopic, non-invasive epithelial neoplasias confined within pancreatic
ducts, generated from acinar cells through a reprogramming process called acinar-to-ductal
metaplasia (ADM) [27,28]. In normal pancreas, ADM is a temporary and reversible process.
However, persistent ADM can lead to PanIN development and, eventually, PDAC [29].
The transition from ADM to PanINs has been well-documented in both mouse models
and humans [25,28,30–32]. It is characterized by the induction of ductal cell identity and
the suppression of acinar cell characteristics, both at gene expression and morphology
levels [33,34]. Interestingly, PanINs are surrounded by unique microenvironment, are
markedly different from ADM, and are transcriptionally distinct from ducts [35]. The
earliest genetic event that initiates alterations is the oncogenic activation of KRAS that
forces acinar cells into a constant ADM state, which can quickly lead to the formation of
PanINs [36,37] (Figure 1).

Figure 1. Schematic representation of the gradual progression model of PDAC evolution. Histopatho-
logical progression, accumulation rate of somatic mutations, and clonal prevalence over molecular
time, are represented.

PanIN lesions are divided into three grades of dysplasia, according to the grade of
cytological and architectural atypia. PanIN1A and PanIN1B are classified as low grade,
although they are subdivided based on the extent of the structural abnormalities (Figure 1).
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On the other hand, PanIN2 and PanIN3 present high-grade dysplasia, and PanIN3 are
considered in situ carcinomas [28,38,39]. Progression from low-grade to high-grade and,
eventually, to locally invasive PDAC is caused by the accumulation of different genetic and
non-genetic alterations (Figure 1).

The gradual progression model posits that histopathological lesions are driven by the
stepwise accumulation of specific known mutations [21]. As mentioned before, the main
driver genes of PanINs and PDAC include KRAS, TP53, CDKN2A, and SMAD4 [14,21,40].
KRAS mutations are present in low-grade PanIN, indicating that it is the earliest alteration
that drives ADM [41,42]. More importantly, they are also detected in healthy pancreatic
tissue, thus confirming its role as the initiating oncogenic event [35]. Mutations in the
tumor suppressor CDKN2A, are also often found early in the tumorigenesis process [43].
Further accumulation of inactivating mutations in the tumor suppressor genes TP53 and
SMAD4, leads to progression to PDAC (Figure 1) [44–46]. The accumulation of genetic and
morphological alterations is proposed to occur during one to two decades until invasive
carcinoma is developed [44]. However, although it appears to be a gradual process, not
all mutations are present in all patients. The inactivation of different tumor suppressors,
their type of alteration, and the combination of both, results in wide tumoral heterogeneity.
These evolutionary trajectories give rise to a large number of inter- and intra-tumoral
differences that define tumor behavior [44,47,48].

2.2. Simultaneous Progression Model

Traditionally, pancreatic tumor evolution is considered a gradual process. However,
recent studies on the simultaneous progression model propose that genetic alterations
can also occur in a short period of time or even simultaneously (Figure 2) [23,24,49,50].
Such alterations include the synchronous inactivation of tumor suppressor genes and are
associated with complex genomic rearrangements (Figure 2) [51–53]. Therefore, they can
induce accelerated tumor progression and set off invasive cancer, as they are commonly
detected in advanced stages of pancreatic tumors (Figure 2) [50,53]. Mechanistically, the
processes involving such genomic events include mitotic errors, chromothripsis, and poly-
ploidization [13,49,51]. However, even though these molecular events have been previously
described, our understanding of their impact on tumor evolution remains incomplete.

It is also worth mentioning that periods of latency between morphological states
can follow a different order to that of the classical gradual progression model (Figure 2).
Considering the lesions found in samples from patients and healthy individuals, it seems
that there is a relatively long latency period between PanIN1 and -2, but rapid evolution
between PanIN2 and PDAC [23]. In this scenario, PanIN3 may contain all the molecular
information for this rapid progression, as in some cases they display higher somatic
mutation burden [50,54].

In the simultaneous progression model, two key steps are identified: the cancer-
initiating event and the cancer-transforming event [49,50,55]. KRAS mutations act as the
initial trigger of pancreatic cancer. Using this as the reference point in the concept of
the gradual progression model, it is widely considered that metastasis occurs late in the
genomic timeline [44,56]. However, metastasis may not always be a late event, but can arise
concurrently with primary tumor development. According to the simultaneous model,
this is induced by cancer-transforming events (Figure 2). Such events either induce or are
necessary for transformation, and endow cells with both invasive and metastatic abilities,
resulting in a short latency period between local expansion and metastasis. Indeed, it was
demonstrated that PDAC cells with high metastatic capacity can also appear simultaneously
or even earlier than the formation of primary tumors [57–59]. More specifically, lineage-
labelling studies involving genetically engineered mouse models have revealed the early
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dissemination of invasive circulating pancreatic cells [57]. Notably, these studies align
closely with the clinical observations for some patients with tumors of very small sizes,
which present advanced disease and very short survival of less than 2 years [23].

Figure 2. Schematic representation of the simultaneous progression model of PDAC evolution.
Tumor progression, accumulation rate of somatic mutations, and clonal prevalence over molecular
time, are represented.

2.3. Are the Two Models Mutually Exclusive or Complementary?

As Theodosius Dobzhansky wrote, “nothing in biology makes sense except in the light
of evolution” and molecular oncology is no exception [60]. Neo-Darwinian cancer evolution
models typically assume the sequential acquisition of mutations over time [61], such as the
classical progression model of PDAC evolution. In regard to this concept, microevolution
involves smaller, incremental genetic changes that occur over time, contributing to the
gradual adaptation and diversification of tumor cells within the microenvironment [44,61].
Yet, the classical model of accumulating genetic changes under selective pressure does not
fully explain the diverse evolutionary trajectories of pancreatic cancer.

Alternatively, tumor macroevolution in PDAC can be driven by single “catas-
trophic” events that cause complex genomic rearrangements involving numerous genetic
loci [49,50,62]. Macroevolution refers to large-scale evolutionary changes, such as quick
and synchronous chromosomal losses and gains, that lead to significant alterations in
tumor biology and behavior [61–63]. These combined genomic alterations accelerate tumor
evolution far more dramatically than any single type of event alone, creating unstable
tumors with aggressive behavior [18,63]. According to the simultaneous model, evidence
supports that numerous genomic aberrations can occur in short bursts due to chromosomal
instability, breakage–fusion–bridge cycles, chromoplexy, and chromothripsis [62].

Despite the impact of macroevolutionary events, clinical and experimental evidence
consistently underscores the "four usual genes" as those subject to the most recurrent
alterations in pancreatic cancer patients. This is also supported by the low level of differ-
ence among the driver genes and low genetic heterogeneity observed between primary
tumors and metastases [19]. However, a more realistic scenario posits an interplay between
point mutations in the driver genes, associated with gradual progression, accompanied
by the large-scale genomic events, described in the simultaneous model (Figure 3). Early
mutations, such as the ones in KRAS, could appear as a point consequence, while the later
inactivation or activation of tumor suppressor genes or oncogenes, respectively, could
be due to rearrangements of chromosomes and structural variants (SVs) (Figure 3) [64].
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Alternatively, oncogenic variants of TP53 and CDKN2A in combination with KRAS can
themselves cause chromosomal instability and rearrangements [46,65]. Indeed oncogene-
induced DNA replication stress is often responsible for the presence of genomic instabil-
ity [66]. Additional polyploidization and genome doubling can add up, providing fertile
ground for the acquisition of further mutations and increased genomic gains of already
amplified loci [64,66,67].

Figure 3. Schematic representation of a hybrid model of PDAC evolution, which combines features of
the gradual and simultaneous progression process. Tumor progression, accumulation rate of somatic
mutations, and clonal prevalence over molecular time, are represented. Adapted from [47].

Thus, tumor cells may alternate between prolonged phases of relative mutational
stability and short periods of rapid evolutionary change [68] (Figure 3). Therefore, the two
models discussed above are not mutually exclusive, but rather coexist in a hybrid way
among tumor populations, contributing to the heterogeneity and adaptability of the tumors
(Figure 3).

3. KRAS Allelic Frequencies in PDAC

3.1. Tumor Progression and Metastasis

In agreement with the accelerated tumor development process that we have described,
several studies have reported complex genomic rearrangements in a significant percentage
of human PDACs [49,51,63]. More specifically, Notta et al. and Mueller et al. reported a
high frequency of chromothripsis and copy number alteration events in primary tumors
that progressed to advanced disease [49,52]. Not surprisingly, in both studies, among
the genetic regions with losses and gains were KRAS and the usual tumor suppressor
genes [49,52]. Interestingly, increased genetic dosage of oncogenic KRAS was detected
in both human and mouse PDACs [51,52]. Different mutant KRAS gene dosage states
were found, including focal gains, arm-level gains, and copy-neutral loss of the wild-type
allele [52]. Chan-Seng-Yue et al. described that apart from the increase in the copy number
of the mutant KRAS, the complete loss of the wild-type KRAS gene is also a common
event (Figure 4) [51]. Therefore, KRAS allelic imbalances in PDAC are defined by the
loss of the wt allele (loss of heterozygosity, LOH), amplifications of the mutant, or both
(Figure 4) [51,52]. The degree of this imbalance in PDAC is considered a continuum and is
often categorized in minor and major imbalances (Figure 4) [51].
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Figure 4. Schematic representation of KRAS allelic imbalances and clonal evolution during tumor
progression, from precursor lesions until PDAC and metastasis.

Interestingly, it was previously shown that ADM and PanINs display some of the typi-
cal genetic alterations of PDAC. These include aneuploidy, heterozygous mutations, and a
low rate of loss of heterozygosity (LOH) of the tumor suppressors, TP53 and CDKN2A [69].
Equally important, Mueller et al. recently observed that human PanINs (hPanINs) also
display allelic imbalances in the KRAS oncogene. More specifically, KRAS mutant allele
frequencies higher than 50% were detected in more than half of the examined hPanIN1a and
hPanIN2. However, it is estimated that the actual frequency of the mutant copies is higher
due to the contamination of healthy tissue in the microdissected region [52]. This proves
the presence of amplifications in mutant KRAS already, during the early development of
pancreatic cancer.

As the increased allelic frequency of mutant KRAS is also detected in low-grade
PanINs and KRAS amplification takes place early in tumorigenesis, it seems that increased
mutant KRAS dosage provides a clonal advantage (Figure 4) [52]. However, further changes
in KRAS allelic states in PDAC during the evolution of tumors might follow distinct routes
that are accompanied by the inactivation of tumor suppressors [70]. It is estimated that the
loss of CDKN2A precedes mutant KRAS amplification [51,52]. According to the interplay
between macroevolution and punctuated events during PDAC progression, an initial
preneoplastic diploid phase precedes genomic instability and copy number alterations.
Thus, KRAS point mutations are then followed by large structural rearrangements that
are responsible for losses of the wt KRAS allele and other key driver genes. Next, genome
doubling is another key molecular event that amplifies existing KRAS gains, leading to
major allelic imbalances [51]. These genomic events drive rapid tumor progression and
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metastasis (Figure 4). Indeed, major KRAS allelic imbalances are detected in a considerable
fraction of advanced-stage tumors and hepatic metastases [51,52].

Undoubtedly, allelic changes of KRAS are a frequent event in PDAC [71]. Studies
involving genetic mouse models have demonstrated their impact in tumor growth and
the metastatic capacity of pancreatic cells [51,52,72,73]. Not surprisingly, these functional
studies have validated the oncosuppressive role of wt KRAS, as previously suggested [74].
However, the different cellular processes and molecular pathways mediated by the two
alleles are still unknown. In other types of cancer that include colorectal, lung, and leukemia,
KRAS allelic imbalances are also linked to tumor initiation, cell proliferation, invasion, and
metastasis [72,75,76]. Yet, further studies are needed to explore how both the absence of the
wt allele and increased dosage of oncogenic KRAS affect the interaction of tumor cells with
the stromal and inflammatory microenvironment. This could shed light on the molecular
mechanisms of the high metastatic capacity that characterizes these tumors.

3.2. Response to Therapy
3.2.1. Prognostic Value and Standard Chemotherapy

Overall, the tumor-specific allelic ratio and dosage of mutant KRAS influence PDAC
biology and disease progression [71]. Indeed, it has been strongly demonstrated that
PDAC tumors with genomic gains of KRAS mutant alleles have generally worse survival
rates [51,77,78]. However, even if the increased mutant allele dosage is a notable predictor
of poor survival, it has not shown strong prognostic value across the disease stages [78].
Similarly, the loss of the wild-type allele, often accompanied with copy number gain of
mutant KRAS, does not seem to be representative of the overall survival of patients [78].
Thus, so far, the allelic status of KRAS is not included in the decision-making in terms of
the therapeutic options and strategies for either resectable or advanced pancreatic cancer.
Moreover, there is no evidence on whether tumors with distinct KRAS allelic frequencies
may display a different response to the available cytotoxic chemotherapy. It is also worth
mentioning that, among the primary resectable cases, the prevalence of patients that receive
neoadjuvant therapy is low [78]. Therefore, KRAS allelic status could be a candidate
biomarker for the decision of neo-adjuvant treatment or primary resection. Related studies
can open up a line of research on personalized medicine to improve the clinical picture of
the disease.

3.2.2. Targeted Therapies and Oncogenic Signaling

Lennerz and Stenzinger proposed in 2015 that both the allelic frequencies and genomic
dosage of mutated KRAS affect PDAC biology [79]. Later on, transcriptomic analysis
showed that PDAC cells with an increased KRAS dosage display differences in the down-
stream oncogenic signaling cascades of the Mitogen-activated Protein Kinase (MAPK)
pathway, axon guidance, and Phosphoinositide 3-Kinase (PI3K), compared to cells with
a balanced allelic status (Figure 5) [52]. Equally important, additional evidence has val-
idated the function of wild-type KRAS as a tumor suppressor, antagonizing the mutant
allele in KRAS dimerization and other biochemical properties [52,72,80]. In most of these
studies, it was clearly demonstrated that the downstream signaling of the MAPK pathway
is affected [52,72]. Indeed, pharmacological inhibition of MEK with the use of Trametinib
and Selumetinib sensitized tumor growth in PDAC and lung mouse models [72,73]. On
the contrary, the restoration of wt KRAS expression in human PDAC cells with LOH
significantly attenuated the malignancy of tumor cells, confirming the tumor suppressive
role of the wt allele [81]. Yan et al. also identified the HIPPO signaling pathway to be
positively regulated by wt KRAS in PDAC cells [81]. However, other relevant genes and
signaling cascades are also involved in the tumor-suppressive function of wt KRAS and
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need to be further investigated (Figure 5). Undoubtedly, the presence of the wt allele in
tumors should be considered for the design of targeted therapeutic approaches. KRAS
allele-specific therapies are now possible due to the recent development of allele-specific
KRAS inhibitors [8]. Thus, further studies are necessary to target the broad KRAS signaling
network with different combination approaches.

Figure 5. Graphical representation of the RAS signaling network. Increased MAPK signaling is
represented in darker blue and is associated with major allelic imbalances and the increased dosage
of oncogenic KRAS.

3.2.3. Targeted Therapies Against KRAS wt Tumors

While activating mutations in KRAS are present in the majority of PDAC cases, a
significant subset of patients (approximately 10%) includes tumors with wild-type (wt)
KRAS [14]. This subgroup of PDACs that harbor wt KRAS alleles has historically been
overlooked in terms of targeted therapies, due to the absence of mutations in the KRAS
oncogene. However, recent research has highlighted that wt KRAS PDAC tumors still un-
dergo significant genetic alterations that activate alternative signaling pathways and drive
tumor progression [82,83]. Among these genetic alterations, NRG1 fusions have emerged
as a key event in the pathogenesis of wt KRAS PDAC. These fusions produce chimeric
proteins that activate oncogenic signaling mediated by ERBB receptors and promote tumor
cell proliferation and metastasis [84]. This suggests that PDAC patients with wt KRAS and
NRG1 fusions can benefit from the inhibition of the ERBB signaling pathway [84]. Therefore,
the identification of such fusions through molecular diagnostics can guide personalized
treatment strategies, and include the use of ERBB inhibitors alone or in combination [84].
Indeed, a clinical study recently demonstrated the efficacy of Zenocotuzumab in NRG1
fusion–positive solid cancers [85].
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Furthermore, other prevalent alterations of wt KRAS tumors include fusions, ampli-
fications, and mutations in Receptor Tyrosine Kinases (RTKs), and genes involved in the
MAPK and PI3K pathways, such as BRAF, FGFR, ERBB2, ALK, MET, and NF1 [14,82].
Multiple mutations are also often detected within DNA damage repair genes, as well as
regulators of chromatin remodeling and the cell cycle [82]. From a therapeutic perspective,
the identification of these frequent oncogenic fusion events together with targetable muta-
tions, among patients with wt KRAS tumors, has presented an important opportunity to
improve genome-guided treatment options for this subgroup of PDAC patients [9,86].

3.3. Challenges in Experimental Methodology

Despite the impact of KRAS as an oncogene, studies on KRAS allelic imbalances did
not appear until very recently [51,52,76,78]. This is strongly attributed to the development
of high-throughput sequencing methods, including whole genomic, exomic, and transcrip-
tomic sequencing. Due to the molecular biology of the KRAS oncogene and the commonly
detected point mutations on codon 12, it is often challenging to distinguish between the
wt and mutant allele for the study of allelic ratios. Various protocols for allele-specific
real-time PCR with customized probes have been developed to assess allelic abundancies
of KRAS [87–90]. In regard to this concept, digital droplet allele-specific PCR (ddPCR) has
increased the sensitivity of signal detection in samples with low concentrations of DNA
substrates [91]. Taking it a step further, multiplex ddPCR with mutant- and wt-specific
hydrolysis probes enables the detection and assessment of the fractional abundance of
KRAS mutations in a cost-effective manner [92].

Next Generation Sequencing methods (NGS) have made it possible to assess KRAS
allelic frequencies in many cohorts of pancreatic tumors. However, it should also be
taken into account that most of these studies have assessed allelic imbalances using bulk
technologies. This underlines that single-cell sequencing methods are needed to further
explore intratumoral allelic imbalances [93]. In regard to this concept, technologies such as
single-nucleus DNA sequencing have demonstrated that there is a large correlation with the
pseudobulk variant allele frequency of KRAS [94]. Still, single-cell genomic sequencing is
often unable to separate KRAS mt and wt alleles. Undoubtedly, research on KRAS biology
in the context of allelic imbalances is highly challenging and will require further advanced
molecular techniques and carefully designed functional studies.

Another major challenge in the research of pancreatic cancer includes the presence of
the dense tumor microenvironment [95]. The two most distinguishing features are the ro-
bust desmoplasia of tumors, and the non-malignant components that constitute almost 80%
of the tumor mass [96]. Briefly, the tumor microenvironment of PDAC is characterized by
peritumoral desmoplastic stroma, which consists of a complex array of cellular components
surrounded by extracellular matrix (collagens, hyaluronic acid, integrins, proteoglycans,
and glycoproteins) [97]. The predominant cell types are cancer-associated fibroblasts,
tumor-associated macrophages, regulatory T cells, and other cytotoxic, infiltrating immune
cells, as well as endothelial cells [98]. This extensive microenvironment makes the study of
the genomic characteristics of tumor epithelial cells very challenging. Common preanalyti-
cal approaches to exclusively isolate tumor cells include Laser Capture Microdissection
(LCM) and cell-separating technologies (FACS, MACS) [99–101]. Other post-sequencing
tumor cell enrichment methods include the development of bioinformatic tools that enable
to assess the tumor cellularity of samples and, more importantly, to distinguish normal cell
types in the tumor microenvironment from malignant cells [102–104].
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4. Conclusions

At the time of diagnosis, only 20% of PDACs are localized, while more than 80%
are detected metastasized to the liver and lung or spread to regional lymph nodes. Yet,
most research on pancreatic cancer has focused on primary and early-stage resectable
tumors, given the availability of these samples. Even so, genomic studies have revealed
high mutational conservation between PDAC primary and metastatic tumors, with simple
somatic variants to be closely concordant in untreated and advanced-disease patients. Thus,
understanding the progression from primary PDACs to metastasis requires the extensive
study of intratumoral heterogeneity with single-cell analyses [105].

In most cancers, complex genomic rearrangements that alter large genomic regions
occur frequently during tumor evolution [47,49]. These genomic events, such as chro-
mothripsis, chromoplexy, and genome doubling, give rise to copy number changes and
genetically unstable tumors, defined by a large number of structural variants [13,51]. As
Connon and Gallinger discuss, the PDAC evolutionary models and timing of progression
can be gradual and stepwise or rapid and punctuated [47]. However, structural mutations
and copy number alterations in the punctuated progression model can be difficult to in-
terpret due to the large number of genes that are amplified or lost during these regional
events [47]. Indeed, the simultaneous loss of genes, such as CDKN2A or SMAD4, and copy
number gains of the transcription factor GATA6, or the KRAS oncogene, are frequently
detected [51]. How these simultaneous gains and losses of multiple driver genes affect
disease progression, organ-specific dissemination, as well as the response to standard
chemotherapy, remains to be studied.

Various recent studies have shown that changes in KRAS allelic frequencies are im-
portant both for tumor progression, as well as major biological and clinical PDAC features
[51,52,73,78]. Yet, there is still a long way to go. We and others have observed intratumoral
gradients in KRAS allelic frequencies in a mosaic fashion (Figure 4) [51]. Thus, as it has
been previously explained, more comprehensive analyses of KRAS copy number changes
are needed in pure tumor cell populations and single-cell studies [53]. Considering the
possible outgrowth of more aggressive minor clones, further studies are also necessary to
uncover how subclones with major KRAS allelic imbalances obtain invasive capacity to
metastasize. These observations increase the need for optimized KRAS molecular analyses
and functional approaches, in order to study the antagonizing properties of mutant and
wild-type KRAS alleles in regard to the KRAS signaling network.

Thus far, treatment with standard cytotoxic drugs is largely ineffective, especially in
locally advanced and metastatic disease, highlighting the need for targeted therapies [3].
Currently, KRAS allelic imbalances are not taken into consideration for the design of
therapeutic strategies, even though they alter tumor biology. Therefore, it is necessary to
study how they define the response not only to existing chemotherapy, but also to new
targeted approaches. Stratifying PDACs according to the KRAS allelic status can help
define therapeutic vulnerabilities in groups of tumors with different allelic frequencies.
Undoubtedly, PDAC is one of the malignant diseases most urgently in need of more
personalized treatment, as well as the development of predictive signatures [106]. In regard
to this concept of personalized therapy, the KRAS allelic status should also be included
in the genetic characterization of tumors, as it may impact prognosis and the therapeutic
sensitivity of patients.
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