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Farnesyl-transferase inhibitors show synergistic anticancer
effects in combination with novel KRAS-G12C inhibitors
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BACKGROUND: Inhibition of mutant KRAS challenged cancer research for decades. Recently, allele-specific inhibitors were
approved for the treatment of KRAS-G12C mutant lung cancer. However, de novo and acquired resistance limit their efficacy and
several combinations are in clinical development. Our study shows the potential of combining G12C inhibitors with farnesyl-
transferase inhibitors.
METHODS: Combinations of clinically approved farnesyl-transferase inhibitors and KRAS G12C inhibitors are tested on human lung,
colorectal and pancreatic adenocarcinoma cells in vitro in 2D, 3D and subcutaneous xenograft models of lung adenocarcinoma.
Treatment effects on migration, proliferation, apoptosis, farnesylation and RAS signaling were measured by histopathological
analyses, videomicroscopy, cell cycle analyses, immunoblot, immunofluorescence and RAS pulldown.
RESULTS: Combination of tipifarnib with sotorasib shows synergistic inhibitory effects on lung adenocarcinoma cells in vitro in 2D
and 3D. Mechanistically, we present antiproliferative effect of the combination and interference with compensatory HRAS activation
and RHEB and lamin farnesylation. Enhanced efficacy of sotorasib in combination with tipifarnib is recapitulated in the
subcutaneous xenograft model of lung adenocarcinoma. Finally, combination of additional KRAS G1C and farnesyl-transferase
inhibitors also shows synergism in lung, colorectal and pancreatic adenocarcinoma cellular models.
DISCUSSION: Our findings warrant the clinical exploration of KRAS-G12C inhibitors in combination with farnesyl-transferase
inhibitors.
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INTRODUCTION
Mutations of RAS are estimated to be present in up to 19% of all
malignancies, of which around 75% are KRAS mutations [1]. KRAS
is one of the most commonly mutated driver oncogenes in lung,
colorectal and pancreatic adenocarcinomas [2]. Though it was
long considered “undruggable” following decades of unsuccessful
targeting, this nickname was challenged by the recent develop-
ment of KRAS-G12C-specific covalent inhibitors [3, 4]. Rapid
optimization and further development led to the introduction of
powerful drug candidates, of which sotorasib (AMG510) and
adagrasib (MRTX849) have shown encouraging results in clinical
trials [5, 6]. Sotorasib monotherapy resulted in a 37.1% objective
response rate (ORR) in patients with KRAS-G12C mutant non-small
cell lung cancer (NSCLC). The disease control rate (DCR) was 80.6%
[7]. Besides, adagrasib monotherapy achieved similar results with
45% ORR and 96% DCR in NSCLC patients with KRAS-G12C
mutations [6]. These results led to FDA approval of these drugs for
lung adenocarcinoma [8, 9].

Though KRAS-G12C mutations are the most frequent in tumors
of lung origin, it is also present in other solid tumors as well like
colorectal or pancreatic adenocarcinomas. However, KRAS-G12C
inhibitors administered as single agents showed far more modest
activity in colorectal tumors: sotorasib only achieved 7.1% ORR
with 73.8% DCR while adagrasib reached 17% ORR and 94% DCR
[10, 11].
Clinical activity of sotorasib and adagrasib is unprecedented

given that patients with KRAS mutant lung or colorectal
adenocarcinomas had no or only limited access to targeted
therapies as KRAS mutation is a negative predictive factor for all
anti-EGFR therapies [12, 13]. However, the objective response
rate is still relatively small, especially in patients with colorectal
cancer. Furthermore, the first reports of clinically acquired
resistance are already available [14]. Acquired resistance is a
common event in response to targeted therapies like those
targeting BRAF, MEK, and EGFR [15]. Observed resistance
mechanisms show high variations from mutations altering the
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drug-binding pocket of KRAS protein through new oncogenic
mutations (like G12D, G13D) affecting the trans alleles to copy
number variations, activations or oncogenic fusions of HER2, ALK,
RET or BRAF [14, 16]. Besides, feedback reactivation through wild-
type alleles also seems to be one of the most prominent
mechanisms [17].
A common strategy to improve efficacy and break down

resistance is to apply combinational therapies. Indeed, currently
several therapeutics are being tested in combination with
adagrasib or sotorasib, like SHP2 inhibitors, anti-EGFR therapeutics
like cetuximab, afatinib or even immune checkpoint inhibitors and
CDK4 inhibitors [3, 18, 19]. First reports of adagrasib plus
cetuximab and sotorasib plus panitumumab in colorectal cancer
show encouraging results [20, 21]. However, new approaches are
still urgently needed.
Historically, studies on KRAS-driven tumors – due to the

perception of its target’s undruggability – initially focused on
indirect approaches, like blocking downstream effectors (RAF,
MEK), searching for synthetic lethal partners, or targeting RAS
processing [3]. The latter was one of the earliest attempts that led
to the often-cited failure in KRAS research: the introduction of
farnesyl-transferase inhibitors. As RAS proteins are small GTPases
that localize to the plasma membrane through lipid anchors
(palmitoyl and farnesyl groups), inhibition of these posttransla-
tional modifications seemed obvious. Preclinical experiments
supported this approach, and soon selective and potent
farnesyl-transferase inhibitors (FTi) entered the clinics [4, 22].
However, though their pharmacological and toxicity profiles were
good and well tolerated, they failed to achieve clinically relevant
antitumor effects in unselected patient populations [23]. Subse-
quent research found that KRAS and NRAS (but not HRAS) are
subject to an alternative lipid modification, named geranylger-
anylation, in case of farnesylation is blocked [24]. This type of
adaptation hindered the application of farnesyl-transferase
inhibitors for years. Recently, interest has been renewed towards
FTis for the treatment of HRAS mutant solid tumors with
encouraging results in phase II trials [25, 26], leading to FDA
approval for HRAS mutant head and neck cancer, and for the
Hutchinson-Gilford progeria syndrome, where the target is
progerin [27].
Our group recently reviewed the rationale of using prenylation

inhibitors (including FTis) for the treatment of KRAS mutant solid
tumors [23]. Surprisingly, analyzing a publicly available database
(https://depmap.org/portal/interactive/), we found that KRAS
mutant lung adenocarcinomas (LUAD) were significantly more
sensitive to FTis compared to KRAS wild-type cells [23]. Further
investigation of this phenomenon based on KRAS mutational
types reveals that cancer cell lines harboring KRAS-G12Cmutations
tend to be more prone to FTis effects. Notably, KRAS-G12C
mutations take up to 40% of all KRAS mutant lung adenocarci-
noma cases [2].
Based on these findings, we tested tipifarnib (that was recently

granted Breakthrough Therapy Designation by the FDA) in
combination with clinically applied KRAS-G12C inhibitors sotorasib
and adagrasib on KRAS-G12C mutant LUAD cell lines, which show
strong and robust synergistic antitumoral effects in 2D and 3D
conditions. We also found synergistic effects using additional FTis
and KRAS-G12C inhibitors as well as in KRAS-G12C mutant
colorectal and pancreatic cancer models. Our in vitro findings
are confirmed in in vivo xenograft experiments. Regarding the
potential mechanism of action, we also show that FTis in
combination with KRAS-G12C inhibitors disrupt compensatory
HRAS reactivation, and block farnesylation of RHEB and nuclear
lamina. This study provides a rationale for the exploration of a new
combinational therapy for the treatment of KRAS-G12C mutant
tumors, utilizing clinically approved FTis (tipifarnib, lonafarnib)
with novel KRAS-G12C inhibitors.

RESULTS
KRAS-G12C mutant LUAD cells are more sensitive towards FTis
The Prism Repurposing Primary Screen (available from (https://
depmap.org/portal/interactive/)) contains sensitivity values of
hundreds of cell lines towards thousands of drugs applied at
2.5 µM in 5-days-long experiments [28]. Our previous in silico
investigation using this screen indicated that lung adenocarci-
noma cell lines harboring KRAS mutations are more sensitive to
farnesyl-transferase inhibitors than those with wild-type KRAS [23].
In this study, we performed an exploratory investigation whether
the KRAS-G12C mutation might be associated with different FTI
sensitivities. We found a tendency for higher sensitivity of KRAS-
G12C cells to farnesyl-transferase inhibitors compared to wild type
(Fig. 1a).
In addition, when we investigated a distinct large-scale drug

sensitivity database (GDSC1, Genomics of Drug Sensitivity in
Cancer) available at (www.cancerrxgene.org) that utilizes IC50
values of the given drugs, we found that KRAS-G12C LUAD cell
lines had significantly lower ln(IC50) values upon FTI277 treatment
compared to wild type cells (Fig. 1b).
Interestingly, when we extended our analyses to other LUAD

cells with other KRAS mutations, KRAS G12C mutant cells seemed
to be the only mutational type that exhibited higher sensitivity
towards FTis, although the small number of cells with non-G12C
mutation limits the interpretation of this finding (Supplementary
Fig. 1). Furthermore, when we compared FTi sensitivity based on
the zygosity of KRAS mutations, there was an overall tendency for
higher sensitivity of heterozygous KRAS mutant cell lines,
however, differences did not reach statistical significance (Sup-
plementary Fig. 1). Nevertheless, the low number of models with
homozygous KRAS mutation decreases the statistical power in this
exploratory analysis.
Based on these results, we decided to explore whether FTis can

potentiate the two KRAS-G12C-specific drugs that are clinically
approved and also one that is currently under clinical investigation
[10, 11, 29].

KRAS inhibitors with FTis are synergistic in LUAD in vitro
For the determination of the combinational effects, we calculated
drug interactions based on the Combinational Index (CI) theory
[30]. This widely used method provides a quantitative definition of
drug interactions (CI= 1 additive effect, CI > 1 antagonistic and
CI < 1 synergistic effect). We first investigated sotorasib, which is
already approved for clinical treatment of KRAS-G12C lung
adenocarcinoma, in combination with tipifarnib, an FTi that was
recently granted Breakthrough Therapy Designation for treatment
of HRAS mutant head and neck squamous cell carcinoma [31]. To
test combinational therapy, we first tested three KRAS-G12C
mutant cell lines: H358 a sotorasib sensitive; SW1573, a sotorasib-
resistant and a novel patient-derived cell line, PF139. 2D
combinational SRB tests revealed robust synergistic interactions
with sotorasib in all KRAS-G12C mutant LUAD cell lines. (Fig. 2a, b)
We also validated our findings in multicellular tumor spheroids
with the same drug combinations. 6-day-long treatment of tumor
spheroids resulted in similarly strong synergistic drug interactions
shown in Fig. 2c–e. Complete viability data showing means and
standard error of mean (SEM) are in Supplementary Fig. 2. Besides
cell viability and spheroid growth, we also demonstrated that the
combination of sotorasib and tipifarnib significantly decreased the
migratory activity of the PF139 cell line measuring haptotactic
motility of single cells based on time-lapse videomicroscopy
(Supplementary Fig. 3a). In H358 and SW1573 cells, only very
limited single cell haptotic motility can be observed and thus no
quantification is feasible. Accordingly, we used an alternative
assay (wound healing) for investigation of invasion in all LUAD
cells lines. Furthermore, we demonstrated that in case of PF139
and SW1573, combinational treatment slowed down cell
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migration in wound healing assay, while in case of H358 both
sotorasib and combinational therapy blocked wound closure
(Supplementary Fig. 3b).

Combination of sotorasib and tipifarnib in vivo
Following in vitro experiments, we also investigated the effect of
sotorasib and tipifarnib monotherapies or their combination on
the growth of two human LUAD cell lines, H358 and SW1573, in
subcutaneous xenograft models. We adjusted the in vivo dosage
based on the differences observed in 2D conditions.
In the sotorasib-sensitive H358 model of LUAD, only the

combinational treatment was able to exert statistically significant
antitumor activities based on tumor measurements and histo-
pathological analyses (Fig. 3, Supplementary Figs. 4–5). Specifi-
cally, combinational therapy significantly decreased tumor
weights compared to control (measured following termination,
shown in Supplementary Fig. 5a), and also tumor volumes (the last
day’s relative growth values) compared to control and to tipifarnib
monotherapy, but not to sotorasib monotherapy (Fig. 3a, b).
However, histopathological evaluation (representative images in
Supplementary Fig. 4) revealed that the percentage of the necrotic
area of tumor tissues significantly increased upon combination
treatment compared to both monotherapies and control (Fig. 3c)
while the frequency of mitotic figures significantly decreased
upon combination compared to tipifarnib monotherapy (Fig. 3e).
Meanwhile, the frequency of apoptotic cells did not differ
significantly compared to monotherapies (Fig. 3d).
In the sotorasib-resistant SW1573 model, sotorasib and

combinational treatment exerted significant tumor growth inhibi-
tion compared to control xenografts based on the last day’s
relative growth values (Fig. 3f, g). In the case of tumor weight
measurement of SW1573 tumors, similarly to relative growth
values, combinational treatment resulted in the lowest mean of
tumor weights, though differences did not reach statistical
significance (p= 0.122, shown in Supplementary Fig. 5a).

However, the histopathological evaluation showed that the
percentage of focal necrotic areas in tumor tissues significantly
increased upon combinational treatment compared to tipifarnib
monotherapy (Fig. 3h) while the frequency of apoptotic cells
induced by combinational therapy increased significantly com-
pared to sotorasib treatment. (Fig. 3i) Meanwhile, there was no
change in mitotic cell frequency in combinational treatment
compared to monotherapies. (Fig. 3j)
Animal body weight losses never reached 10% during the study

and were around a maximum of 5% loss (Supplementary Fig. 5b).
Histopathological analysis of the liver and kidney tissues did not
reveal morphologic alterations either in the animals receiving
monotherapies or in the animals receiving combinations, even at
the higher dose of sotorasib administration. Furthermore, the fine
structure of the kidney as assessed by PAS basement membrane
staining similarly did not show light microscopically detectable
alterations (Supplementary Fig. 5c–e). These results suggest that
the combination of sotorasib and tipifarnib is well tolerated in
experimental animals.

Sotorasib and tipifarnib interferes with RAS signaling
We investigated the protein farnesylation and RAS activation in
the G12C-inhibitor-resistant SW1573 cell line since only mutated
KRAS gene is expressed in it (homozygous), and therefore all
changes are pertinent to the KRAS mutant oncoprotein. Western
blot analyses revealed that tipifarnib treatment did not interfere
with KRAS4B and NRAS, while effectively blocked farnesylation of
HRAS proteins both in single agent and combination therapy,
where a small, but clear shift in electrophoretic mobility could be
observed (upper band represents unfarnesylated proteins)
(Fig. 4a).
In line with these results, GTP-KRAS4B level only decreased upon

sotorasib and combination treatment. The level of GTP-NRAS
was low and did not change upon treatment. Interestingly, the
level of GTP-HRAS increased upon sotorasib treatment likely
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Fig. 1 Sensitivity of lung adenocarcinoma cell lines to farnesyl-transferase inhibitors. a Data from PRISM Primary Repurposing Screen
shows pooled and normalized (to the viability of all 572 or 562 cell lines tested in the screen) sensitivity values to tipifarnib and lonafarnib.
Error bars represent SEM for 30 WT KRAS and 8 KRAS-G12C mutant cells. Statistical significance is marked by an asterisk and was determined
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Fig. 2 Combination of sotorasib and tipifarnib in three KRAS-G12C mutant lung adenocarcinoma cell lines. a Heatmaps of control-
normalized cell viability values derived from 6-day-long 2D SRB tests. Treatment concentrations of each cell line can be seen in (b). Data is
derived from three independent experiments. b Combinational index (CI) values of the 2D combinational experiments. CIs were calculated by
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compensating for the decrease of active KRAS4B. Furthermore,
GTP-HRAS upon tipifarnib and combinational treatment was
mainly found at the non-prenylated fraction thus not able to
contribute properly to RAS-mediated signaling [23]. Collectively,
the combination reduced both active GTP-KRAS4B and GTP-HRAS

protein levels in SW1573 cells. In addition, the same pattern of
changes in RAS activation was observed upon investigation of the
MIAPACA2 pancreatic cell line, shown in Supplementary Fig. 6.
To further investigate the role of HRAS in the mechanism of

action of the synergism in combination therapy, we decreased
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HRAS levels by siRNA and determined changes in IC50 values of
sotorasib and tipifarnib in SW1573 cells (Fig. 4c). We found that
upon siRNA knockdown of HRAS, IC50 of sotorasib decreased
from 100 to 52 nM, while IC50 of tipifarnib increased from 5 to
10 nM. Validation of successful HRAS knockdown is shown in
Supplementary Fig. 7. Our in vitro finding is also supported by
the in silico investigation of the CRISPR knockout data from
(https://depmap.org/portal/interactive/) indicating an inverse
correlation between KRAS and HRAS dependency in KRAS-G12C
mutant lung adenocarcinoma cell lines (Supplementary
Figure 8).
Marked changes in KRAS4B and HRAS activation led us to test

drug effects on the downstream effectors of RAS following 48-
hour-long treatment. (Supplementary Fig. 9) Interestingly, we
found substantial, although cell-line dependent changes in the
activation of the major RAS-related RAF/MEK/ERK and PI3K/AKT/
mTOR pathways. The level of phosphorylated ERK1/2 and
phosphorylated S6 decreased in the majority of the cell lines
upon combination treatment, while monotherapies resulted in
diverse responses. (Supplementary Fig. 9) Of note, we found that

farnesylation of RHEB, a key protein in the PI3K/AKT/mTOR
signaling network, was also strongly inhibited by both tipifarnib
and the combination treatments. (Supplementary Fig. 9) Addi-
tionally, we investigated the impact of treatments on another
important oncogenic pathway, the SRC/FAK signaling. We found a
modest increase in autophosphorylation of FAK protein upon
sotorasib and combinational treatments in SW1573 and PF139
cells. In the meantime, all treatments reduced autophosphoryla-
tion of FAK in H358 cell line. Notably, no treatment induced
changes in SRC activation in any of the three cell models
(Supplementary Fig. 10).

Tipifarnib or combination block cytokinesis and PTM of lamins
Next, we investigated changes in cell cycle distribution and
markers of apoptosis and proliferation. Importantly, cell line
specific patterns were observed among the three LUAD cell lines.
In the H358 cell line, sotorasib and combinational treatment
drastically increased the ratio of the cells in the subG1 and
strongly reduced it in the G2/M and S phases. (Supplementary
Fig. 11a)

Fig. 3 Combination of sotorasib and tipifarnib in the sotorasib-sensitive (H358) and sotorasib-resistant (SW1573) xenograft models of
lung adenocarcinoma. H358 xenografts were given sotorasib (5 mg/kg i.p.) and/or tipifarnib (40 mg/kg i.p.), while SW1573 xenografts were
treated with sotorasib (25mg/kg i.p.) and/or tipifarnib (40mg/kg i.p.) therapy. Treatment started after randomization when tumors reached
approximately 100mm3 (7 days following cell inoculation in the case of H358 xenografts and 26 days in the case of SW1573 tumors). Each
treatment group contained 7 animals. The weekly treatment schedule was five days on and two days off. a Tumor volume was determined
twice a week using a caliper. Relative tumor volume growth was normalized with each tumor’s starting volume on the day of the first
treatment. Error bars represent SEM. In the case of H358 combinational treatment resulted in significantly smaller tumors compared to control
and tipifarnib-treated tumors, while in SW1573 xenografts sotorasib monotherapy and combinational therapy resulted in significantly smaller
tumors compared to control based on last day’s relative growth values. b Pictures of the harvested tumors. c–e Histopathological analysis of
necrotic areas and frequency of apoptosis and mitosis. In H358 tumors, amount of necrotic areas in the combination treatment group were
significantly higher compared to control and both monotherapies. A significant increase in apoptosis and decrease in mitosis can also be
observed. In SW1573 tumors, focal necrotic areas were significantly larger in sotorasib and combination treatment group compared to control
and tipifarnib group, while frequency of apoptotic cells was higher in tipifarnib and combination treatment group compared to control and
sotorasib. Sotorasib and combination treatments also decreased frequency of mitotic cells compared to control. Asterisks marks statistically
significant differences with p < 0.05. Statistical significance was tested with the Kruskal–Wallis test followed by Dunn’s multiple
comparison test.
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Fig. 4 RAS protein levels and activation following 48-hour-long treatment with sotorasib (100 nM) and/or tipifarnib (500 nM). a Images
show representative blots of the RAS proteins. RAS-GTP stands for only GTP-bound, active RAS proteins while “total protein” shows blots from
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experiments. Graphs show mean with error bars representing SEM.
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Tipifarnib and combinational treatment induced apoptosis in
SW1573 and H358 cell lines and also slightly elevated the ratio of
cells in the G2/M phase. We also confirmed these findings by
Western blot detection of cleaved PARP. (Supplementary Fig. 11)
PCNA (marker of proliferation) levels decreased upon sotorasib,
and more effectively by combinational treatment in H358 and
PF139 cell lines. However, in the resistant SW1573 cell line PCNA
was present in a higher amount and none of the treatments could
effectively lower its expression. (Supplementary Fig. 11b, c), so we
decided to further analyze other potential molecular mechanisms
in this cell line. Accordingly, we performed time-lapse video
microscopy of the 72-hour-long treatment with sotorasib and/or
tipifarnib. Manual tracking of cytokinesis revealed that all types of
treatment inhibited mitotic activity of SW1573 cells but only
combination treatment resulted in statistically significant changes.
(Fig. 5a) Additionally, after 24 h of treatment, the round-up cells
preparing for cytokinesis remained for a longer interval in this
stage and demonstrated a significant delay in cytokinesis in cells
exposed to tipifarnib or the combination treatment. (Fig. 5b, d)
Furthermore, performing a modified, M phase preserving

protocol of cell cycle experiment, a pronounced though not
significant (p= 0.0602) increase in the ratio of G2/M phase cells
was revealed upon tipifarnib or combination treatment. (Fig. 5c)
As lamin A/C proteins, the main components of the nuclear
laminar network, are also farnesylated we investigated whether
changes in this structure might contribute to the delayed
cytokinesis. Western blot analyses confirmed successful inhibition
of lamin farnesylation, with a clear loss of farnesylated, non-
cleaved lamin proteins, though the level of prenylated and fully
mature, cleaved lamin apparently did not show any changes.
(Fig. 5e) However, immunofluorescent labeling of lamin A/C
showed strong changes in its morphology upon tipifarnib and
combination treatments. First, an accumulation of the nuclei with
a lobular phenotype could be observed (Fig. 5f). Second, distinct
spots of lamin A/C appeared in the nuclei of cells exposed to
tipifarnib or combination treatment indicating an intranuclear
accumulation of lamin proteins (Fig. 5f).

Various combinations of KRAS inhibitors with FTis are
synergistic in LUAD, CRC and PDAC
We tested additional combinational settings on SW1573 and
PF139 LUAD cell lines using the KRAS-G12C inhibitor adagrasib
and the farnesyl-transferase inhibitor lonafarnib, which also
showed synergistic drug effects. (Fig. 6a, b) Complete viability
data showing means and standard error of mean (SEM) are in
Supplementary Fig. 12a.
Additionally, even though KRAS-G12C mutations are the most

frequent in lung adenocarcinoma, there is a small percentage of
tumors with this specific mutation in other tumor types as well.
Accordingly, we tested the effect of sotorasib and adagrasib in
combination with both farnesyl-transferase inhibitors (tipifarnib,
lonafarnib) on the KRAS-G12C mutant pancreatic cancer cell line
MIAPACA2 and a novel patient-derived colorectal cancer cell line
PF97. We found that every combinational set-up had a synergistic
effect in both cell lines (Fig. 6). Complete viability data showing
means and SEM are in Supplementary Fig. 12a.

DISCUSSION
Our study proposes a novel combination therapy for KRAS-G12C
mutant cancers utilizing two clinically approved drug classes,
namely KRAS-G12C inhibitors and farnesyl-transferase inhibitors.
These combinations showed synergistic antitumoral effects in all
five KRAS-G12C mutant cancer models in 2D in vitro experiments
and the findings were recapitulated in lung adenocarcinoma 3D
models in vitro and in xenografts in vivo.
The landscape of the treatment of KRAS-G12C mutant solid

tumors has changed with the introduction of covalent, allele-

specific KRAS-G12C inhibitors, among which sotorasib and
adagrasib have already been clinically approved [9]. As there
was no targeted therapy for KRAS mutant tumors before, the
clinical activity of sotorasib and adagrasib is considered as a
breakthrough in these tumor types. However, objective response
rate is still relatively small (30–45% in lung and 7–20% in
colorectal adenocarcinoma) [6, 7, 10, 11]. Thus, numerous clinical
trials are underway investigating potential drug combinations that
can improve the antitumoral efficacy of these novel KRAS-G12C
inhibitors [18, 32]. These attempts include vertical or horizontal
combinational approaches and also combinations of KRAS
inhibitors with immunomodulatory therapies [32]. Vertical combi-
nations rely on the observation that blockage of mutant KRAS
signaling leads to compensatory reactivation of the pathway
[17, 33]. Simultaneous inhibition of upstream elements like
blockage of EGFR can diminish this effect and lead to synergistic
antitumoral effects [34, 35]. Another promising approach is
targeting SHP2 in combination with KRAS G12C inhibitors
[32, 35]. Notably, SHP2 has been proven to be an important
upstream regulator for proper KRAS signalization and is a
promising candidate for combinational therapy, as its blockade
in parallel with KRAS inhibitors can inhibit wild-type RAS signaling
[35]. Although they act at a different level, SOS1 inhibitors exhibit
similar effects when used in combination with KRAS targeting [32].
Horizontal combinations include the targeting of PI3K/AKT/

mTOR signaling, which is a well-established escape route upon
RAS-MEK-ERK inhibition [32, 36, 37]. Furthermore, preclinical
evidence revealed synergistic antitumoral effects of cell cycle
inhibitors (e.g. cyclin-dependent kinase inhibitors) combined with
KRAS G12C inhibitors [32, 38].
In addition, mutant KRAS signaling has a wide range of

immunomodulatory effects [32]. In line with these observations,
preclinical evidence shows that the application of KRAS inhibition
along with immunomodulatory therapies like immune-checkpoint
inhibitors shows enhanced antitumoral effects [32, 39, 40].
However, none of these preclinical investigations or clinical

trials has employed farnesyl-transferase inhibitors, likely due to
the long history of the failures of FTis as monotherapies in KRAS
mutant cancers [3, 32].
Our analysis of publicly available databases showed that lung

adenocarcinoma cell lines harboring KRAS-G12C mutation tend to
be more sensitive to FTis than KRAS wild-type cells.
Interestingly, comparison of different types of KRAS mutations

revealed that KRAS G12C shows the highest sensitivity towards
FTis, however, small numbers of LUAD cell lines with other
mutations limit the interpretation of this finding. Regarding
zigosity, there was a tendency for higher sensitivity towards FTis
of heterozygous KRAS mutant cell lines when compared to cells
possessing only the mutant allele, however, the number of
homozygous cell models is rather small. Of note, upon blockage of
farnesylation, KRAS and NRAS (but not HRAS) proteins undergo an
alternative prenylation, named geranyl-geranylation and are
therefore not affected by FTis [23, 24]. However, FTi sensitivity
may also be influenced by the differential rewiring of RAS
signalization and vulnerabilities. For instance, we identified a
significant inverse correlation between KRAS and HRAS depen-
dency on KRAS G12 mutant LUAD cell lines. Furthermore, it has
been shown that intrinsic GTPase activity of KRAS G12C protein is
retained in contrast with most of the other mutant KRAS proteins
[32, 41], which may lead to distinct outcomes. Dependency on
HRAS signaling, RHEB activity in PI3K/AKT signaling and at least 63
farnesylated proteins may modulate sensitivity towards FTis. Our
findings warrant a more detailed examination of modulatory
factors of sensitivity towards farnesyl-transferase inhibition.
Our observations on FTi sensitivity led us to combine tipifarnib,

a clinically approved potent farnesyl-transferase inhibitor with
sotorasib, a novel KRAS-G12C inhibitor in lung adenocarcinoma
cell lines. Surprisingly, strong synergistic antitumor drug
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interactions were demonstrated in all cell lines investigated in
adherent conditions. This finding was confirmed in 3D spheroid
models. We identified similar drug interactions with additional
relevant drugs in clinical development, namely adagrasib and

lonafarnib. Besides the antiproliferative effect, the combination of
sotorasib and tipifarnib also exerted antimigratory activity in vitro
in single cell motility of PF139 cells as well as in wound healing
assays. In the case of H358, sotorasib and combinational treatment
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drastically blocked wound closure, likely due to the combined
antimigratory and antiproliferative effects. In H358 cells, tipifarnib
alone did not reduce wound closure, in line with previous
observation that the impact of tipifarnib on cell migration is cell-
type dependent [42].
Furthermore, though both sotorasib and tipifarnib monother-

apy achieved tumor growth inhibition in our xenograft experi-
ments, the combination exerted the most pronounced impact on
tumor growth in two distinct xenograft models of human lung
adenocarcinoma utilizing the sotorasib-sensitive H358 and
sotorasib-resistant SW1573 cells. Regarding tipifarnib dosage, we
utilized double the amount of the corresponding human dose
(600 or 900mg b.i.d, equivalent to ~17 or 25 mg/kg daily in a
70 kg human), adjusted to the higher growth rate of xenograft
tumors. Notably, this dosage is still half of the dose that could be
found in previous studies [43]. In the case of sotorasib dosage, the
human dose is 960mg daily [7], which is equivalent to 14 mg/kg
per day in a 70 kg human. When adjusting dosage for our
xenograft models, we also took into consideration different
sensitivities of the utilized cell lines towards KRAS inhibition.
Notably, H358 is a commonly utilized model for KRAS-G12C
inhibition, as it exhibits particularly high sensitivity towards KRAS-
G12C inhibitors both in vitro and in vivo, which shows growth
inhibition even upon 3mg/kg dosage [39, 44]. In contrast,
SW1573 showed high level of resistance towards KRAS inhibition
in vitro in 2D conditions and was also found to be refractory in a
study utilizing adagrasib [38, 44]. In line with these results, growth
of H358 xenografts was limited upon as small as 5 mg/kg i.p.
treatment, while 25mg/kg dose was necessary to achieve a similar
effect in SW1573 tumors. Interestingly, we showed that tipifarnib
monotherapy is also able to exert a pronounced inhibitory effect
on SW1573 xenografts, which is – to our knowledge – the first
demonstration of FTi anticancer effects in vivo on KRAS G12C
mutant model. Importantly, combined treatments were able to
reduce the volume of H358 xenografts and suppress the growth of
SW1573 tumors. Furthermore, even though neither tumor
volumes measured with caliper nor tumor weights showed
significant differences between monotherapies and combinational
therapy, histopathological analyses revealed enhanced efficacy of
the latter. Specifically, in the case of H358 xenografts, tumors in
the combinational treatment group exhibited a significantly
higher percentage of necrotic area compared to tumors in both
single agent groups. This finding leads to the conclusion that a
lower amount of living tumor tissue can be found in combina-
tional therapy group, which could not be differentiated when
measuring tumor volume or weight. In addition, the density of
mitotic cells was also significantly lower in tumors treated with
combinational therapy compared to sotorasib-treated tumors.
Histology of SW1573 tumor samples revealed that the combina-
tion induced a significantly higher amount of focal necrosis
compared to tipifarnib-treated tumors and increased frequency of
apoptotic cells significantly higher compared to sotorasib-treated
tumors. In this model, no difference was found in mitotic cell

density between single agent and combination treatments. In
summary, based on histopathological analyses, the combined
application of KRAS G12C and farnesyl-transferase inhibition
showed significant anti-tumoral effects in both models not only
compared to the control but also compared to monotherapies.
However, such combinations may have unique toxicities. In our

mice xenograft model, we have not seen major weight loss upon
combination therapies (5–10%) and we have not detected
histopathological alterations in the liver and kidney tissues, two
organs that are affected by FTIs and G12C inhibitors in monotherapy
clinical trials [9, 25, 27, 45]. One has to consider that the treatment of
animals was less than a month, while the treatments last for several
months in the clinical setting. Accordingly, chronic toxicity studies are
necessary to test possible side effects in experimental animals, before
entering the clinics. Also, one limitation of this present work is the
lack of pharmacodynamic and pharmacokinetics data for the
treatments, however, they are available for the monotherapies in
early clinical studies [9, 46].
To investigate the potential cellular mechanism of this

synergism, we performed cell cycle analysis and studied the
expression of apoptosis and proliferation markers. We observed
that the G2/M phase was slightly elevated in all cell lines upon FTi
treatment in line with previous observations [47, 48]. Interestingly,
using a modified, M phase preserving protocol, a more
pronounced elevation of the G2/M phase was observed in
SW1573 cell line suggesting that a significant amount of cells
get stuck in the mitotic phase upon farnesyl-transferase inhibition.
The ratio of the cells in the SubG1 phase also increased in H358
and SW1573 cell lines upon both FTi and combinational
treatments and cleavage of the PARP protein was also detected
in these samples. Investigation of the putative proliferation marker
PCNA showed that both monotherapies and the combination
effectively blocked proliferation in H358 and PF139 cell lines. Thus,
treatment with FTis and KRAS-G12C inhibitors can exert anti-
proliferative, proapoptotic and even anti-migratory effects in vitro.
The analysis of the downstream signaling network of KRAS

revealed diverse, cell line-dependent effects of the single agent
and combination treatments on the PI3K/AKT/mTOR and RAF/MEK/
ERK cascades. In line with previous results, we also observed a
marked reduction of ERK phosphorylation upon KRAS-G12C
inhibition [35, 38, 39]. However, in contrast with other’s findings,
we showed that S6 activation did not decrease upon KRAS-G12C
blockade in two out of three of our LUAD cellular models. Only
combinational treatment was able to reduce S6 phosphorylation
in all cell lines, which is an important hallmark of response to
drugs [49]. Moreover, we also demonstrated successful inhibition
of RHEB farnesylation, a key regulatory protein in the PI3K/AKT/
mTOR pathway. The importance of this finding is underlined by
the fact that horizontal combinational inhibition of RAS pathways
is also proposed as a potential therapeutic approach [32].
Interestingly, investigation of activation of FAK-SRC signalization
revealed increased FAK autophosphorylation upon sotorasib and
combination treatments in PF139 and SW1573 cell lines, while all

Fig. 5 Investigation of the proliferative activity of SW1573 cell line upon treatment and alterations in the laminar network. a Number of
cell divisions during a 72-hour-long treatment with sotorasib (100 nM) and/or tipifarnib (500 nM). Combination treatment induced a
significant decrease in cell divisions on the last day of the treatment (N= 3, total number of cell divisions from three independent
experiments from three fields of view/experiment. Asterisks marks statistically significant differences with p < 0.05. Statistical significance was
tested with the Kruskal-Wallis test followed by Dunn’s multiple comparison test.). b Representative pictures from the videomicroscopic
analysis show accumulation of cells unable to execute cytokinesis after treatment with tipifarnib alone or in combination with sotorasib.
c Changes in M phase following treatment using a modified, M-phase preserving protocol of cell cycle investigation. d Duration of cytokinesis
was measured following 48-hour-long treatment. Both tipifarnib and the combination treatment significantly increased the duration of
cytokinesis. e Western blot analyses of Lamin A/C changes. Tipifarnib and the combination treatment resulted in the appearance of an upper
third band (representative of the non-prenylated, non-cleaved lamins) while the level of prenylated, non-cleaved lamins diminished.
f Immunofluorescence labeling of Lamin A/C proteins. DAPI (blue) staining reveals lobular cell nuclear morphology upon tipifarnib and
combinational treatment. These treatments also lead to the accumulation of distinct spots of Lamin A/C (green) in the nucleus. All data shown
derives from or is representative of three independent experiments. Graphs show mean with error bars representing SEM.
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Fig. 6 Combination treatments with various combinations of KRAS-G12C inhibitors and FTis in KRAS-G12C mutant lung, colorectal and
pancreatic adenocarcinoma cell lines. a, c Heatmaps of control-normalized cell viability values derived from 6-day-long 2D SRB tests. PF139
and SW1573 are lung, while PF97 colorectal and MIAPACA2 pancreatic adenocarcinoma cell lines. Treatment concentrations used for each cell
line are shown in (b, d). Data is derived from three independent experiments. b, d Combinational index (CI) values of the 2D combinational
experiments. CIs were calculated by CompuSyn Software. CI values less than 1 indicate synergy while values equal to or more than 1 represent
additive or antagonistic effect, respectively.
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treatments reduced p-FAK in H358. Notably, it was previously
shown that oncogenic RAS can lead to dephosphorylation of FAK
at the 397 tyrosine through PIN1 and PTP-PEST leading to
increased migration and enhanced wound closure [50]. Blockage
of oncogenic KRAS can thereby relieve this negative signal,
possibly leading to decreased migratory capacity.
Our investigation on the prenylation of the three classical RAS

proteins revealed that FTi treatment successfully inhibited prenyla-
tion of HRAS but did not affect KRAS and NRAS, in line with previous
observations [24]. Specifically investigating the activation of RAS
proteins by assessing the level of GTP-bound RAS, we demonstrated
the decrease by KRAS-G12C inhibition in parallel with compensatory
HRAS activation. GTP-NRAS was changed by none of the treatments.
Notably, GTP-HRAS was mainly found in the non-functional
unprenylated form upon FTi treatment [23]. Our finding confirms
previous demonstration of compensatory activation of wild-type RAS
proteins upon KRAS-G12C targeting [35]. In a study by Ryan and
colleagues, six cell lines showed elevated GTP-NRAS and GTP-HRAS
upon KRAS G12C inhibitor ARS1620 treatment [35]. In our study, we
also found elevated GTP-HRAS level but no change was detected in
the amount of GTP-NRAS either in SW1573 or in MIAPACA2 cells.
These experiments indicated that while in sotorasib-treated cells
HRAS and in tipifarnib-treated cells KRAS can contribute to RAS-
mediated signaling, the combination blocks the activity of both
proteins and in turn leads to the observed synergism. This finding is
particularly important as it was shown that inhibition of oncogenic
KRAS can result in the reactivation of RAS-controlled pathways
through wild-type RAS proteins [33]. However, it should be noted
that both models used for the investigation of the role of HRAS in
targeting the reactivation of the RAS pathway were homozygous for
KRAS G12C mutations. Thus, further studies are needed to explore
this phenomenon in a heterozygous setting where wild type KRAS
proteins are also present. Furthermore, we also targeted HRAS with
siRNA and managed to sensitize cells towards KRAS-G12C inhibition
with a concomitant decrease in sensitivity against farnesyl-
transferase inhibition. This data further supports the role of HRAS
in the observed synergistic drug interactions. In addition, our in silico
analysis found a significant inverse correlation between HRAS and
KRAS dependency in KRAS-G12C mutant lung adenocarcinoma
suggesting that these two proteins can play a compensatory role
in tumor growth.
Investigation of the sotorasib-resistant SW1573 cell line with

videomicroscopy revealed strong inhibition of cell division upon
KRAS-G12C inhibition and FTi treatment. Notably, the combination
resulted in the most pronounced, significant decrease in the number
of successful cell divisions suggesting that synergistic drug interac-
tions work through inhibition of proliferation. Furthermore, the
videomicroscopic analysis revealed that many cells exhibited a
dramatic delay in cytokinesis upon FTi and combinational treatment.
These cells that struggled to perform cytokinesis likely contributed to
the increase in the ratio of G2/M phase cells in cell cycle experiments.
Several farnesylated proteins are important in regulating the
mechanical aspects of cell division including centromere-associated
proteins (CENP-E, CENP-F) and the laminar network of the nucleus
[51, 52]. Indeed, we demonstrated that inhibition of farnesylation of
lamin A/C proteins by tipifarnib initiated intranuclear accumulation of
lamin and aberrant nuclear morphology, similar to the effects of
another FTi, lonafarnib [53].
Since current G12C inhibitors are less active in colorectal or

pancreatic cancers [19, 54], we also tested the combination of FTis and
KRAS-G12C inhibitors on pancreatic and colorectal adenocarcinoma
cells. Similar to our observations on lung adenocarcinoma, we found
that all drug combinations resulted in strong synergistic antitumoral
drug interaction in both types of human cancer cell lines in vitro.
It should be noted that due to pleiotropic nature of FTi action

(as showed in the list of farnesylated proteins), a detailed
investigation of each FTi target protein (e.g. through siRNA
knockdown) in the synergistic drug interaction is not feasible.

However, we identified several factors that can contribute to the
observed synergism. These particular molecular mechanisms are
also targets of other proposed combinational therapies that are
curently in clinical development.
One synergistic interaction is the parallel targeting of PI3K/

mTOR pathway by inhibiting the farnesylation of RHEB. The
blockage of RHEB can induce changes similar to the mTOR
inhibitor everolimus, which is currently evaluated in combination
with sotorasib for KRAS G12C mutant tumors in clinical trials [32].
Indeed, we observed enhanced inhibition of S6 activation
(downstream of RHEB and mTOR) upon the combinational therapy
compared to monotherapies in all cell lines investigated,
indicating that this combination is successful in reducing the
activity of the PI3K/mTOR pathway.
Second, we have shown that FTi can reduce the compensatory

reactivation of wild-type RAS proteins, namely HRAS, which is a
known target of farnesyl-transferase inhibitors. Targeting the
reactivation is also subject to clinical trials, specifically the combina-
tion of KRAS G12C inhibitors with SHP2 (e.g TNO155 with both
sotorasib and adagrasib or RMC-4360 with sotorasib) and SOS1
inhibitors (e.g. BI1701963 with adagrasib), upstream elements in the
RAS pathway [32]. The blockage of oncogenic KRAS G12C proteins
relieves negative feedback loops on proteins upstream of RAS
proteins leading to increased flux of the signaling through wild-type
RAS proteins [17, 33]. Targeting of wild-type RAS activation by specific
inhibition of proteins involved in RAS activation like SOS1 and SHP2
was shown to result in robust and profound synergistic combinational
drug interactions when applied in parallel with KRAS inhibitors [32].
We also observed compensatory reactivation of HRAS (but not NRAS)
using RAS-pulldown assays. We also demonstrated that HRAS
farnesylation was blocked in two cell lines with distinct tissue of
origin (SW1573 LUAD and MIAPACA2 PDAC cell lines). Furthermore,
silencing HRAS with siRNA in the SW1573 cell line led to an increase
of the IC50 of tipifarnib in parallel with a reduction of the IC50 of
sotorasib. In addition, further supporting the role of HRAS, we found
an inverse correlation between HRAS and KRAS dependency in KRAS
mutant cell lines based on a publicly available database containing
CRISPR sensitivity data (https://depmap.org/portal/interactive/).
Third, we provided evidence that farnesyl-transferase inhibition

delayed cell cycle progression likely at least in part due to its
impact on nuclear lamina. The combination of cell cycle inhibitors
and KRAS G12C inhibition is indeed in clinical development using
the cyclin D inhibitor palbociclib [32]. Of note, a couple of
centromere-associated proteins (CENPE, CENPF) are also subject to
farnesylation and may contribute to the synergistic effect.
In summary, the utilization of FTis in KRAS combinational

therapies shares common mechanisms with three combinational
approaches that are currently being evaluated in clinical trials.
The limitations of the current study are that our cancer models

do not recapitulate intratumoral heterogeneity, like patient-
derived organoids or patient-derived xenograft tumors. Intertu-
moral heterogeneity was addressed by means of utilizing five
different stable cell lines from three different tissue of origins, of
which two are novel patient-derived cell lines established by our
group. Furthermore, the subcutaneous xenograft model –
although its evaluation is more straightforward than more
sophisticated orthotopic or transgenic models – cannot recapitu-
late important features as immune response or orthotopic cellular
environment. Nevertheless, we performed in vivo experiments
using two distinct cellular models – one heterozygous KRAS G12C
inhibition-sensitive and one homozygous KRAS-G12C-inhibition
resistant model. Another limitation of this manuscript is that we
could not provide proof-of-concept for one circumscribed
mechanism of action for the observed synergistic drug interac-
tions. Furthermore, we could not precisely decipher the mechan-
ism of action of the proposed combination due to the pleiotropic
nature of farnesyl-transferase inhibition. Nevertheless, we demon-
strated that several potentially contributing farnesylated proteins
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are inhibited in the proposed treatment including the FTi-sensitive
wild-type HRAS and RHEB proteins or lamins.
Besides its limitations, our work clearly demonstrates that the

application of FTis can potentiate antitumoral effects of novel
KRAS G12C inhibitors and suggests that combination of farnesyl-
transferase and KRAS-G12C inhibitors should be explored in the
clinical setting both in KRAS-G12C mutant lung adenocarcinoma
and in other KRAS-G12C mutant tumors.

METHODS
In silico analysis of drug sensitivity from public databases
First, we analyzed drug sensitivity data from a publicly available website
(https://depmap.org/portal/interactive/) mirroring information from the
Prism Repurposing Primary Screen [28]. This database contains experi-
mental data with various inhibitors at 2.5 µM concentration upon 5 days of
treatment. Sensitivity data were grouped and downloaded according to
KRAS mutational status for two different farnesyl-transferase inhibitors,
lonafarnib and tipifarnib.
Next, IC50 of FTis from the GDSC1 dataset (tipifarnib and FTI277 were

available for this drug class) was downloaded from (www.cancerrxgene.org)
for all lung adenocarcinoma cell lines available. IC50 data was determined
following 72-hour-long treatment with various concentrations of the given
drug. Data was transformed using the x=ln(IC50) formula and was grouped
based on KRAS mutational status. The type of KRAS mutation and zygosity
was determined for each cell line based on the Cellosaurus database
(https://cellosaurus.org).
Finally, HRAS and KRAS CRISPR knockout sensitivity data was obtained

from https://depmap.org. Filters were set for NSCLC adenocarcinoma cell
lines and combined CRISPR sensitivity values (DepMap 22Q2 Public+Score,
Chronos) were downloaded.
A list of farnesylated proteins was obtained from (www.uniprot.org) and

provided in Supplementary Table 2. Briefly, filters were set for human
genes and lipidation for post-transcriptional modifications and then
screened for S-farnesyl cysteine-modified entries.

Cells and reagents
Three KRAS-G12C mutant lung adenocarcinoma, one colorectal and one
pancreatic cancer cell line were involved in this study shown in
Supplementary Table 1. H358 and SW1573 were purchased from ATCC.
PF97 and PF139 cells were established from malignant pleural effusion
samples in cooperation with the West German Biobank Essen as described
earlier [16]. The patients provided written informed consent and the
experiments were approved by the Ethics Committee of the University
Hospital Essen (#18-8208-BO).
Lonafarnib and tipifarnib (for in vitro experiments) were purchased from

Sigma (St. Louis, MO, USA), while sotorasib, adagrasib and tipifarnib (for
in vivo experiments) were obtained from Medchemexpress. For in vitro
experiments, drugs were dissolved in dimethyl sulfoxide (DMSO) in 10mM
stock concentration and stored at −80 °C.

Cell viability assays
Cells at 70-80% confluence were trypsinized and counted using Luna II
Automated Cell Counter (Logos Biosystems). Cells were plated in 5000-10000
cells/well density (depending on the growth rate of the given cell line) on a
24-well plate. The medium was replaced by fresh medium supplemented with
inhibitors the next day. After 6 days, wells were washed with DPBS
(Dulbecco’s phosphate-buffered saline) (Lonza) and the cells were fixed with
10% trichloroacetic acid and stained with Sulphorodamine-B (SRB) (Sigma)
dye for 15min. Plates were repeatedly washed with 1% acetic acid to remove
excess dye. Protein-bound SRB was dissolved in 10mM Tris buffer (pH= 7.4)
and OD (optical density) was measured at 570 nm using a microplate reader
(EL800, BioTec Instruments, Winooski, VT, USA). OD values were normalized to
control. Transformed data were used to calculate combinational index (CI)
[30]. The data shown are the results of three independent experiments.
Heatmaps were prepared using Microsoft Excel software.

3D spheroid assays
Cells were seeded at 3000 cells/well density at the inner 60 polyHEMA-
coated wells in 200 µl medium, while the outer wells were filled with DPBS
(Lonza) to avoid evaporation. Cells were concentrated at the bottom of the
well enhancing single spheroid formation by centrifugation at 540 RCF

(relative centrifugal field). Within 24 h the cells aggregated into spheroids
and were treated by the addition of a further 100 µl medium
supplemented with inhibitors. Each concentration group contained three
spheroids. Each spheroid was photographed using a ToupCam XW 3MP
microscope camera on the first and sixth days of the treatment. Images
were analyzed using ImageJ software with a modified script from [55].
Briefly, the script measures the area of the 2D projections of the spheroids.
Results were manually reviewed, and area values were used to calculate
the radius and volume of spheroids using the formula V= 4/3 × π × radius3.
The data shown are the results of three independent experiments.

In vivo experiments
H358 and SW1573 human lung adenocarcinoma cells (5 × 106 and 1 × 106,
respectively) were subcutaneously injected in 28-28 female SCID (Severe
combined immunodeficiency) female mice. Cells were injected in 200 µl
DMEM:Matrigel (Corning, Corning, NY, USA) mixture (ratio 1:1) based on
preliminary experiments. When tumors reached approximately 100mm3

(H358 7 days, SW1573 26 days after injection), animals were randomized using
minimization method (7 animals/group) and treated intraperitoneally daily
except for weekends. Group size was determined by previous experiments.
Drugs were dissolved in 60% DPBS, 34% PEG300 (polyethylene-glycol), 5%
DMSO and 1% Tween80. H358 xenografts were treated with 5mg/kg
AMG510; and 40mg/kg tipifarnib, while SW1573 xenografts were treated with
25mg/kg AMG510 and 40mg/kg tipifarnib. Controls received vehicle. The
subcutaneous tumors were measured with a caliper and tumor volumes were
calculated with the formula V= (length ×widths2) × π/6 and expressed in
mm3. Death of animals or damage of the subcutaneous tumors were set as
exclusion criteria. The H358 experiment was terminated after 18 days and
SW1573 after 25 days of treatment. Tumors were measured upon harvest and
were fixed in 4% paraformaldehyde overnight, embedded into paraffin along
with liver and kidney. Using hematoxylin and eosin stained slides tumor
tissues were evaluated for necrotic area proportion, mitotic figure and
apoptotic cell densities using calibrated 10/10 ocular grid morphometry
performed by an experienced pathologist (JTímár). For evaluation of kidney
tissue integrity sections have been labelled also by PAS for basement
membrane and protein content (Supplementary Fig. 5).
56 female SCID mice were obtained from KINETO Lab’s animal house

(Budapest, Korányi str. 1, H-1121, Hungary, license number: PEI-001-1715-
2/2015, 24/07/2015). All experiments were carried out following the
Guidelines for Animal Experiments. Permission Number: PE/EA/401-7/2020,
23/04/2020. The animal experiment was performed according to the
regulations and recommendations from directive 2010/63/EU of the
European Parliament and the Council of the European Union on the
protection of animals used for scientific purposes. The health status of the
mice was assessed by the animal house staff of KINETO Lab.

Active RAS pulldown experiments
GTP-bound RAS samples were prepared using Active Ras Pull-Down and
Detection Kit (Cat.no: 16117) from Thermo Fisher Scientific according to
the manufacturer’s protocol. Further details are described in Supplemen-
tary Materials and Methods.

Videomicroscopy
Videomicroscopy was performed using SW1573 cells at 5000 for cell
division analyses and PF139 cells at 8000 cells/well density in 24-well plates
for motility experiments. The day after seeding, the medium was replaced
with fresh medium containing tipifarnib (500 nM), sotorasib (100 nM) or
both. Three independent wells were included for each treatment group.
One field of view was photographed in each well in every 10min during
the 72-hour-long treatment using the zenCellowl incubator microscope
(innoME, Espelkamp, Germany). Analyses of cell migration and division as
well as a detailed description of scratch assay experiments can be found
in Supplementary Materials and Methods.

Immunofluorescence imaging
SW1573 cells were seeded at 8000 cell/well density on an 8-well chamber
slide (Thermo Fisher Scientific, Nunc™ Lab-Tek™ Chamber Slide System,
Cat.no: 177402). The next day they were treated with 500 nM tipifarnib,
100 nM sotorasib or their combination for 48 h, then fixed with 4%
formaldehyde for 15min. Cells were permeabilized with 0.1% Triton-X100
for 10min, washed with DPBS and incubated with lamin A/C primary antibody
(4777 T, Cell Signaling) dissolved in DPBS (1:200) for an hour at RT. Cells were
repeatedly washed with DPBS and incubated with Alexa488 conjugated
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secondary antibody (Abcam, ab150113) dissolved in DPBS (1:1000) for half an
hour at RT. Cells were washed again with DPBS and covered with Vectashield
Antifade Mounting Media containing DAPI. For imaging we used a Leica DM
RXA epifluorescence microscope (Leica Microsystems, Wetzlar, Germany)
equipped with DAPI (excitation 355–425 nm, emission >470 nm, Leica
Microsystems, Wetzlar, Germany), Spectrum Green (excitation 460–500 nm,
emission 512–542 nm, Vysis, Downers Grove, IL, USA) filter sets for blue and
green, respectively. Image acquisition was performed using a Leica DFC365 FX
camera and Leica CW4000 FISH software. Two independent experiments were
performed for lamin immunofluorescence imaging.

Calculation of drug interaction, IC50 values and statistics
Drug combinational interactions were determined based on the combina-
tional index theorem calculating Combinational Index (CI) values by
CompuSyn Software [30] (https://www.combosyn.com/). This method
allows for quantification of drug-drug interactions. CI values less than 1
indicate synergy while values equal to or more than 1 represent additive or
antagonistic effect, respectively.
IC50 values in HRAS siRNA experiments were calculated by GraphPad

Prism 5 software. Normalized viability data from three independent
experiments were combined and averaged. Inhibitor concentrations were
transformed with the log [10] formula and IC50 data was calculated from
the averaged data with the nonlinear regression function of the software.
Statistical analyses were performed in GraphPad Prism 5 software.

Normal distribution of data was tested by the Shapiro–Wilk test. Data
passing the Shapiro–Wilk test was analyzed by 1way ANOVA or unpaired t-
test if variance between groups were similar (tested with the Bartlett test
before ANOVA or F test before t-test), otherwise Kruskal–Wallis or
Mann–Whitney U test was used. Therefore, an unpaired t-test was used
for tipifarnib and lonafarnib data from the PRISM Primary Repurposing
Screen and GDSC1 screen. Mann–Whitney U test was used for the
investigation of FTI277 data from the GDSC1 screen. Kruskal–Wallis test
followed by Dunn’s Multiple Comparison Test (if the Kruskal–Wallis test
was significant) was used for analysis of results from manual counting of
cell divisions; changes in G2M phase following treatment using G2M-phase
preserving protocol of cell cycle investigation; and data showing changes
in length of cytokinesis of SW1573 cells. In animal experiments, the last
day’s relative growth values (normalized with each tumor’s starting
volumes on the day of the first treatment) and differences in tumor
weights were also analyzed by the Kruskal–Wallis test followed by Dunn’s
multiple comparison test (p < 0.05). Histopathological analyses were tested
with ANOVA followed by Tukey post-test for necrosis and mitosis of
SW1573 tumors (p < 0.05). Otherwise, Kruskal–Wallis test followed by
Dunn’s multiple comparison test were applied (p < 0.05). For the
investigation of HRAS and KRAS CRISPR dependency from the https://
depmap.org database, linear regression was used.
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