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of all cases. Major advances in the treatment of clinical 
NSCLC patients have been achieved by molecular char-
acterizations of the genetic alterations harbored in lung 
cancer cells [2]. Large scale cancer genomic studies have 
revealed a number of oncogenic mutations affecting mul-
tiple genes that drive NSCLC tumorigenesis. Among 
these, genetic alterations occurring in TP53, EGFR and 
RAS family member genes have been found to be highly 
prevalent in NSCLC [3]. Extensive investigation on the 
pathological functions and pharmacological intervention 
of oncogenic epidermal growth factor receptor (EGFR) 
and RAS family proteins has led to the successful devel-
opment of targeted therapies against these oncopro-
teins that have considerably prolonged NSCLC patient 
survivals [2]. Therefore, the ongoing characterization of 
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altered NFE2L2 target expression. Importantly, RIT1 mutants markedly sensitized cells to ferroptosis induction, and 
RIT1 knockdown suppressed ferroptotic cell death. Lung adenocarcinoma NCI-H2110 cells containing endogenous 
RIT1 M90I mutation were susceptible to ferroptosis induction both in vitro and in vivo within xenograft models. 
Hence, our study unravels a novel aspect of RIT1 mutations in lung cancer and suggests ferroptosis induction as a 
potential therapeutic strategy to treat lung cancer patients carrying RIT1 mutations.
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additional oncogenic mutations in alternative therapeutic 
candidates will likely expedite the development of novel 
therapeutic strategies to expand the arsenal in the battle 
against NSCLC.

RAS family proteins are a group of guanosine tri-
phosphate hydrolases (GTPases) that act as molecular 
switches through alternating forms of GTP binding and 
hydrolysis to function in many aspects of cellular pro-
cesses [4]. KRAS, NRAS and HRAS are major members 
of the RAS subfamily, and have been closely implicated 
in the tumorigenesis of many kinds of cancer [5]. In 
lung adenocarcinoma, oncogenic mutations have been 
detected in KRAS, NRAS and HRAS proteins, with the 
mutation frequency of KRAS gene estimated to be over 
30% and thus considered as one of the most frequently 
mutated genes [6]. Interestingly, recent cancer sequenc-
ing analyses revealed that the RIT1 gene encoding a 
closely RAS-related GTPase called Ras-like without 
CAAX 1 (RIT1) was also mutated in NSCLC samples at a 
frequency (~ 2%) higher than those for NRAS and HRAS 
[7]. However, relative to our understanding of KRAS, 
NRAS and HRAS proteins, the functional characteriza-
tion of RIT1 wild-type and oncogenic mutants still need 
to be further elucidated [8].

Ferroptosis is a recently discovered modality of regu-
lated cell death, which emerged from the screening and 
identification of inhibitors targeting oncogenic RAS-con-
taining cells [9]. Ensuing investigation has confirmed the 
close association of ferroptosis with tumorigenesis and 
efficacy in cancer treatment, and hence ferroptosis induc-
tion is deemed as a promising therapeutic approach to 
target multiple cancers including NSCLC [10, 11]. In the 
present study, we focused on three frequently detected 
mutants of RIT1 (A77S, F82L and M90I) and confirmed 
their pro-cancerous activities through phenotypic and 
sequencing analyses. Our observations suggest that the 
oncogenic features of mutated RIT1 likely depend on 
their elevated expression incurred by increased protein 
stability. On the contrary, the oncogenic mutations in 
RIT1 protein nevertheless conferred cells a vulnerabil-
ity to ferroptosis induction, which was observed both in 
vitro and in vivo. Our findings thus provide novel insights 
into the features of oncogenic RIT1 mutants and pro-
vide basis for designing therapeutic approaches to target 
NSCLC containing RIT1 mutations through ferroptosis 
induction.

Materials and methods
Cell culture
NSCLC cell lines A549, H1975, NCI-H2110 and human 
bronchial epithelial HBE135-E6E7 cells were obtained 
from the American Type Culture Collection (ATCC) 
and grown in RPMI-1640 media (Gibco) supplemented 
with 10% FBS (Gibco) and 1% penicillin/streptomycin 

(Thermo Fisher). HEK293T and HeLa cells were gen-
erously provided by Prof. Haixin Lei (Dalian Medical 
University) and were cultured in DMEM (Dulbecco’s 
Modified Eagle’s Medium) media (Gibco) supplemented 
with FBS and antibiotics. All cells were maintained in a 
37  °C humidified incubator (Thermo Fisher, 3111) con-
taining CO2 at 5%.

Antibodies and reagents
Rabbit anti-RIT1 (ab53720) and rabbit anti-Ki-67 anti-
bodies were purchased from Abcam. Mouse anti-α-
Tubulin antibody was purchased from Sigma. Mouse 
anti-COX2 antibody was purchased from Proteintech 
(Wuhan, China). Goat anti-mouse and anti-rabbit sec-
ondary antibodies (680–800  nm infrared-labeled) were 
obtained from LICOR. Cycloheximide and DCFH-DA 
were purchased from Dalian Meilun Biotechnology Co., 
Ltd. RSL3, IKE (imidazole ketone erastin) and ferro-
statin-1 were purchased from MedChemExpress (MCE). 
BODIPY 581/591 C11 was purchased from Thermo 
Fisher. Propidium iodide and other general chemicals 
were obtained from Sigma.

Generation of stable cell lines
A549 and H1975 cells with stable knockdown of RIT1 
were established as previously described [12]. In brief, 
HEK293T cells were transfected with pLKO.1 plasmids 
(control and RIT1 shRNA) together with psPAX2 and 
pMD2.G packaging vectors according to manufacturer’s 
instructions (Sigma). Lentiviruses were harvested after 
48 h, which were incubated with A549 and H1975 cells. 
Positive cells were selected with puromycin treatment 
and RIT1 knockdown was validated by Western blotting. 
To generate HBE135-E6E7 cells stably expressing RIT1 
wide-type or mutants (A77S, F82L and M90I), wide-type 
and mutant RIT1 were subcloned into the pCDH vector, 
which was then used together with psPAX2 and pMD2.G 
plasmids to co-transfect HEK293T cells using Lipo-
fectamine™ 3000 transfection reagent (Invitrogen) for 
lentivirus packaging. HBE135-E6E7 cells were infected 
with lentiviruses and subjected to puromycin selection 
(2 µg/ml).

Colony formation assay
A549, H1975, and HBE135-E6E7 cells were seeded 
into six-well plates at a density of 1,000 cells/well. Cells 
were maintained in the incubator with media replen-
ished every other day. After seven days, cells were gen-
tly washed with PBS before fixation using methanol. 
Subsequently, cells were washed several times with PBS 
and stained with 0.1% crystal violet for 15 min. The num-
bers and sizes of cell colonies were quantified using the 
ImageJ software.
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Measurement of ferroptotic cell death
A549 and HBE135-E6E7 cells were used for evaluation 
of ferroptosis induction as previously described [13]. For 
HBE135-E6E7 stable cells, 2 × 105 cells were seeded into 
each well of 6-well plates. After 24-hour incubation at 
37  °C, cells were treated with RSL3 (10 µM) or RSL3 in 
combination with ferrostatin-1 (1 µM), with DMSO used 
as a vehicle control. Eight hours post treatment, cells 
were incubated with propidium iodide (PI). For A549 
stable cell lines, 1 × 105 cells were seeded into each well 
of 6-well plates. After 24-hour incubation at 37 °C, cells 
were treated with RSL3 (20 µM) or RSL3 in combination 
with ferrostatin-1 (2 µM), and DMSO was used as vehicle 
control. Four hours post treatment, cells were stained 
with PI. Five random views from 10X objective fields 
were used for image capture and quantification.

GFP fluorescence microscopy
Cultured HeLa cells were transfected with plasmids 
expressing GFP-tagged RIT1 constructs using the Poly-
plus transfection reagent (jetPRIME) and fluorescence 
staining was performed as previously described [14]. 
Briefly, 24  h after transfection, cells were washed with 
PBS and fixed in 4% (w/v) paraformaldehyde for 15 min. 
Coverslips were then PBS washed, and mounted onto 
slides in Mowiol containing DAPI. Samples were allowed 
to air-dry overnight prior to examination under a fluores-
cence microscope (Olympus BX63, Japan).

Immunoblot analysis
Immunoblot assays were conducted as described previ-
ously [15]. Briefly, cells were lysed using the RIPA buf-
fer before incubated with SDS-PAGE loading buffer at 
95  °C for 5 min. Proteins were separated by SDS-PAGE 
and transferred to nitrocellulose membranes (Millipore). 
Membranes were blocked with 4% skimmed milk in PBS 
for 1 h at room temperature. The membranes were then 
incubated with primary antibodies overnight at 4  °C 
and secondary antibodies for 1  h at room temperature. 
Blots were visualized by LICOR Odyssey system. Rela-
tive protein levels were calculated using the Image Studio 
software.

Transcriptomic profiling
HBE135-E6E7 cells stably transfected with control, wild-
type, RIT1 mutants (A77S, F82L and M90I) constructs 
were harvested with TRIzol reagent (Thermo Fisher). 
Total RNA was extracted and processed for cDNA library 
generation as described previously [16]. Paired-end 
sequencing was conducted using an Illumina NovaSeq 
6000 platform. Raw data were first processed to acquire 
clean reads that were aligned to reference genome using 
hisat2 version 2.0.5. Gene expression was quantified 
using featureCounts version 1.5.0-p3, with fragments per 

kilo-base of exon per million fragments mapped (FPKM) 
values obtained. Differentially-expressed genes between 
groups were evaluated with edgeR version 3.22.5. Enrich-
ment analysis was performed with clusterProfiler version 
3.8.1 and GSEA version 3.0.

Flow cytometry
NCI-H2110 cells were seeded into 6-well plates and 
treated with DMSO or 5 µM of RSL3 for 6 h on the next 
day. For ROS detection and lipid peroxidation assay, cells 
were washed using PBS prior to incubation with 10 µM 
of DCFH-DA or 5 µM of BODIPY 581/591 C11, respec-
tively, for 30 min at 37 °C. Subsequently, cells were tryp-
sinized and resuspended in ice-cold PBS in the dark, and 
immediately fluorescence signals were collected using 
the Accuri C6 Plus flow cytometer (BD Biosciences). 
Acquired data were analyzed using the FlowJo software 
(version 10).

Xenograft mouse model
Mouse experiment procedures were assessed and 
approved by the Institutional Animal Care and Use 
Committee at Dalian Medical University. Female nude 
mice (BALB/c background, 4–6 weeks) were obtained 
from Vital River Co. Ltd. (Beijing, China) and kept in 
SPF animal center. NCI-H2110 cells (1.5  million) were 
subcutaneously implanted into nude mice. When sizes 
of xenografts reached ~ 50 mm3, mice were randomly 
divided into two groups (5 mice/group), which were 
administered with IKE (40  mg/kg) or DMSO as vehicle 
control by intraperitoneal injection every day. After 28 
days post inoculation, xenografts were dissected and 
weighed. Tumor volume was calculated using the for-
mula: (length) x (width)2 × 0.5.

Immunohistochemistry
Xenograft samples were subjected to formalin fixation 
immediately after resection. Tissues were then embedded 
in paraffin and cut to 5 μm thick slices. Prepared tissue 
sections were deparaffinized with xylene and rehydrated 
with graded alcohol. Following incubation with block-
ing solution using the IHC assay kit (ZSGB-Bio, Beijing, 
China), tissue sections were incubated with anti-Ki-67 
and anti-COX-2 antibodies overnight at 4  °C. Next day, 
sections were stained using the IHC assay kit according 
to the manufacturer’s instructions. Images were taken 
by a phase contrast microscope (Leica) and analyzed by 
Image-Pro Plus software (version 6.0).

Statistical analysis
Each experiment was repeated at least three times. All 
data were demonstrated as the mean ± S.E. (standard 
errors). The statistical analyses were completed using 
Prism GraphPad, using Student’s t test (for two group 
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comparison), one-way or two-way ANOVA (for multiple 
groups) analysis. The KM plot showing overall survival 
was generated using R and difference between groups 
was assessed by log rank test. In general, a p value smaller 
than 0.05 was considered statistically significant.

Results
RIT1 alterations in NSCLC are associated with increased 
RIT1 protein expression
Taking advantage of the cancer genomics data integrated 
by the cBioPortal platform (cbioportal.org), we analyzed 
the alterations of KRAS, HRAS, NRAS, and RIT1 paralog 
genes occurring in NSCLC samples [17–19]. As shown 
in Fig.  1A, the 4 closely related genes showed different 

alteration features across multiple cohorts of NSCLC 
patients. Considering the types of alteration, the KRAS 
gene was primarily mutated in NSCLC tissues, while 
changes in NRAS and HRAS genes were similar by show-
ing largely both mutation and deletion. In addition, the 
frequency of KRAS gene alteration was often observed to 
be above 20%, which was noticeably higher than those of 
NRAS and HRAS that were merely around 2% (Fig. 1A). 
Unlike the RAS paralogs, the alterations of RIT1 gene in 
NSCLC were predominantly amplification in addition 
to a fraction being mutation, and the frequency of RIT1 
alteration could reach above 5% depending on different 
datasets (Fig. 1A). Since RIT1 alterations appeared to be 
more prominent in lung adenocarcinoma, we decided to 

Fig. 1  Lung cancer-associated RIT1 alterations predict worse prognosis and differ from those observed inKRAS, HRAS, and NRAS. (A) Frequencies of 
various genomic alterations of KRAS, HRAS, NRAS, and RIT1 in NSCLC patients were analyzed with the cBioPortal platform ​(​​​h​t​t​p​s​:​/​/​w​w​w​.​c​b​i​o​p​o​r​t​a​l​.​o​r​g​/​​​​​)​
. (B) Kaplan–Meier curve showing overall survival stratified by altered RIT1 vs. unaltered RIT1. Statistical difference was examined using the log-rank test
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focus on this subtype in following investigation to study 
RIT1. As shown in Fig. 1B, lung adenocarcinoma patients 
with alterations in RIT1 gene displayed poorer overall 
survival, thus suggesting the pro-tumor effects of RIT1 
changes.

We next generated lollipop plot to demonstrate 
hotspots for RIT1 mutations in lung adenocarcinoma 
patients using cBioPortal. As shown in Fig. 2A, although 
mutations were detected throughout the whole protein, 

high frequencies were obviously observed at three resi-
dues, which are Met 90, Ala 77, and Phe 82 in descending 
order. In order to investigate the locations of the hotspot 
residues in RIT1 conformation, we labeled them in the 
3D protein structure of RIT1 predicted with AlphaFold 
[20, 21]. As shown in Fig.  2B, we observed that these 3 
residues were in close proximity, likely suggesting a com-
mon mechanism of action. Accordingly, we generated 
constructs expressing RIT1 mutants (A77S, F82L and 

Fig. 2  Hotspot mutations lead to increased RIT1 protein abundance. (A) Lollipop plot demonstrating mutations detected in RIT1. (B) 3-D view of pre-
dicted human RIT1 structure with three hotspot mutations labeled. Structure was rendered using AlphaFold. (C) Representative images of HeLa cells 
transiently transfected with GFP-tagged wild-type RIT1 (WT) or mutant forms as indicated. (D) Representative immunoblotting image and quantification 
for RIT1 expression in HBE135-E6E7 stable cell lines as indicated. Tubulin was used as protein loading control. (E) Representative image of RIT1 protein 
detected by immunoblotting and corresponding quantification in HBE135-E6E7 cells with stable expression of WT or mutated RIT1 as indicated after 
treatment with 50 µg/mL of cycloheximide (CHX) to stop protein synthesis. RIT1 levels in cells at the time point zero were normalized as 100%. Tubulin 
was used as protein loading control. n = 3 for each group. Data were presented as mean ± s.e.m. *P < 0.05, ***P < 0.001
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M90I). Using a GFP tagging approach, we first examined 
the intracellular distribution of wild-type and mutated 
RIT1 proteins. As shown in Fig.  2C, different versions 
of RIT1 exhibited similar localization by showing both 
nuclear and cytoplasmic distribution. Importantly, all 
versions of RIT1 exhibited evident membrane localiza-
tion when transiently expressed in HeLa cells, suggest-
ing that these oncogenic mutations likely not affecting 
RIT1 distribution. Subsequently, we established stable 
RIT1 expression cell lines (wild-type and mutants) using 
the bronchus epithelial HBE135-E6E7 cells. Results from 
Western blot analysis indicate that the expression levels 
of three mutated forms of RIT1 were significantly higher 
than wild-type albeit with the same expression system 
and cell background (Fig. 2D). Therefore, we carried out 
cycloheximide chase experiments to compare the turn-
over rates of mutated RIT1 with that of wild-type. As 
shown in Fig. 2E, the oncogenic RIT1 mutants were con-
siderably more stable than wild-type version, providing 
the explanation of their increased protein abundance in 
the same cellular system. Our results are thereby consis-
tent with previous study reporting reduced association 
of oncogenic RIT1 mutants with its cognate E3 ligase 
LZTR1 to avoid ubiquitylation-mediated degradation 
leading to increased RIT1 protein levels [22]. Collectively, 
our bioinformatic analysis and preliminary biochemical 
characterization suggest that cancer-associated altera-
tions in RIT1 gene (amplification and mutation) led to 
increased RIT1 protein expression to promote tumori-
genesis of NSCLC.

RIT1 knockdown deters lung adenocarcinoma cell growth 
but mutant expression promotes proliferation
It has been proposed that RIT1 functions to activate 
the canonical PI3K/AKT and MAPK pathways that 
are pivotal oncogenic signaling cascade in many cancer 
types, and hence RIT1 mutations are considered mutu-
ally exclusive with those acquired by other key signal-
ing modules in the pathway such as RAS members. It is 
noteworthy that previous studies mainly focused on the 
mutation alterations of RIT1 gene in the investigation. 
Since our bioinformatic analysis unveiled the relatively 
high frequency of amplification changes in RIT1 gene, 
we reexamined the correlations of RIT1 alterations with 
those of its RAS paralogs in lung adenocarcinoma using 
cBioPortal integrated analysis. As shown in Fig.  3A, 
mutual exclusivity analysis revealed that KRAS, HRAS, 
and NRAS showed mutual exclusive tendencies against 
each other, but RIT1 exhibited co-occurrence tendencies 
with all three RAS members. Based on this observation, 
we decided to assess the influence of RIT1 knockdown 
on cell growth of lung adenocarcinoma harboring acti-
vating mutations on the RAS/MAPK pathway. As such, 
we depleted RIT1 expression using two separate shRNAs 

in A549 and H1975 cells that contained KRAS G12S and 
EGFR T790M mutations, separately. Using these stable 
RIT1 knockdown cells, we performed colony formation 
assays and found that the depletion of RIT1 evidently 
decreased cell propagation (Fig.  3B and C). Therefore, 
our findings suggest that RIT1 function is not dispens-
able in lung adenocarcinoma cells containing activating 
mutations in the RAS-MAPK pathway.

We then examined the effects of RIT1 mutant expres-
sion using abovementioned HBE135-E6E7 cells stably 
expressing RIT1 wild-type or the A77S, F82L and M90I 
mutants. As shown in Fig. 3D, results from colony forma-
tion assays show that the expression of A77S, F82L and 
M90I versions of RIT1 noticeably enhanced cell prolif-
eration, while wild-type RIT1 did not elicit a significant 
impact. To gain more insights into the underlying mecha-
nisms of the pro-tumor effects of RIT1 mutations, we 
conducted transcriptomic profiling analysis of HBE135-
E6E7 cells stably transfected with control, RIT1 wild-
type, or the A77S, F82L and M90I mutant constructs. As 
demonstrated in Fig.  4A, principal component analysis 
shows that cells transfected with wild-type and mutant 
constructs are separated from the control group, while 
the 3 mutants can be clustered together. Furthermore, we 
generated a heatmap to illustrate differentially-expressed 
genes (DEGs) among 5 groups, and also observed that the 
A77S, F82L and M90I oncogenic mutants demonstrated 
similar alterations comparing to the vector control and 
wild-type (Fig. 4B). We next performed GO (Gene Ontol-
ogy) and KEGG (Kyoto Encyclopedia of Genes and 
Genomes) enrichment analyses of DEGs between wild-
type and mutated RIT1 groups. As shown in Fig. 4C and 
D, top listed pathways enriched by GO and KEGG analy-
sis include the MAPK/ERK cascade, PI3K/AKT pathway, 
RAS signaling that are well-established vital tumorigenic 
signaling cascades. As expected, our observations are in 
accordance with previous results from transcriptomic 
and proteomic characterizations of oncogenic RIT1 
mutations [23].

In order to further explore features associated with 
oncogenic RIT1 mutations, we conducted oncogenic 
signature enrichment analysis with DEGs incurred by 
RIT1 mutant expression as compared to wild-type ver-
sion. Interestingly, in addition to KRAS and E2F1 gene 
sets that are closely implicated in tumor progression, the 
NFE2L2 gene set also appeared in the top list (Fig.  4E). 
This gene set contains over 400 factors involved in cel-
lular redox sensing and regulation, which are primar-
ily downstream targets of the NRF2 transcription factor 
but some candidates can also be regulated by other tran-
scription factors. Therefore, our sequencing analysis sug-
gests that, in addition to activate canonical tumorigenic 
signaling pathways, oncogenic RIT1 mutant expression 
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Fig. 3  Depletion of RIT1 inhibits proliferation of lung adenocarcinoma cells and RIT1 A77, F82 and M90 mutations promote cell growth. (A) Correlation 
analysis of RIT1 alterations with those of its RAS paralogs in lung adenocarcinoma with cBioPortal platform (https://www.cbioportal.org/). (B and C) The 
efficiency of RIT1 knockdown in A549 and H1975 cells was validated by immunoblotting. Tubulin or GAPDH was used as protein loading control. Below 
images and column charts show representative colony formation assays and quantification of colony number and size. (D) Colony formation assays per-
formed using HBE135-E6E7 stable cell lines with WT or mutated RIT1 overexpression as indicated. Quantification was conducted using ImageJ software. 
Data were presented as mean ± s.e.m. *P < 0.05, **P < 0.01, ***P < 0.001. n.s., not significant
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Fig. 4  Transcriptomic profiling of cells expressing RIT1 wild-type and oncogenic mutations. (A) Principal component (PC) analysis of RNA-seq data for 
control vector (pCDH), WT (wild-type) and mutant groups. (B) Heat map illustrating differentially-expressed genes (DEGs) among 5 groups as indicated. (C 
and D) GO (Gene Ontology) and KEGG (Kyoto Encyclopedia of Genes and Genomes) enrichment analysis of DEGs between WT RIT1 and mutant groups. 
(E) Oncogenic signature enrichment analysis of DEGs between WT RIT1 and mutant groups
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also leads to changes in the expression of cellular redox 
regulators.

RIT1 expression regulates sensitivity to cellular ferroptosis 
induction
Next, we performed GSEA analysis to further exam-
ine the influence of mutant RIT1 expression on NRF2 
downstream target expression. As shown in Fig. 5A and 

B, results from GSEA analysis and volcano plot of DEG 
analysis indicated that mutant RIT1 expression led to a 
bi-directional influence on NRF2 target expression, with 
more candidates showing a downregulatory effect. Con-
sidering the essential roles of NRF2 targets in cellular 
redox homeostasis and ferroptosis prevention, we won-
dered whether oncogenic RIT1 expression would affect 
the sensitivity of cells to ferroptosis induction [24, 25]. To 

Fig. 5  Oncogenic RIT1 mutations sensitize cells to ferroptosis induction and RIT1 depletion suppresses ferroptosis. (A) RNA-seq data were subjected to 
GSEA analysis with NFE2L2 gene set. (B) Volcano plot demonstrating significantly changed NRF2 target genes from RNA-seq data. (C and D) Representa-
tive images (C) and the quantification of cell death (D) of the propidium iodide (PI) stained HBE135-E6E7 stable cell lines with indicated treatment under 
phase contrast (PH) or fluorescence microscope. Cells were treated with RSL3 (10 µM) in the presence or absence of ferrostatin-1 (1 µM) for 8 h. (E and F) 
Representative images (E) and the quantification of cell death (F) of A549 derived stable cells with indicated treatment under phase contrast (PH) or fluo-
rescence microscope. Cells were treated with RSL3 (20 µM) in the presence or absence of ferrostatin-1 (2 µM) for 4 h. Data were presented as mean ± s.e.m. 
*P < 0.05, **P < 0.01, ***P < 0.001. n.s., not significant
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this end, we treated HBE135-E6E7 cells stably express-
ing RIT1 wild-type or the A77S, F82L and M90I mutants 
with the GPX4 inhibitor RSL3 that is a potent ferroptosis 
inducer [26, 27]. As illustrated in Fig.  5C and D, onco-
genic RIT1 mutations rendered HBE135-E6E7 cells more 
susceptible to RSL3-induced ferroptosis, which was effi-
ciently blocked by the ferroptosis inhibitor ferrostatin-1. 
Furthermore, we triggered ferroptosis in A549 cells with 
or without stable RIT1 depletion. As shown in Fig.  5E 
and F, shRNA-mediated RIT1 knockdown significantly 
reduced the percentages of cells undergoing ferropto-
sis in A549 cells. Collectively, our ferroptosis induction 
assays using cells with RIT1 knockdown or mutant over-
expression suggest that RIT1 protein levels were corre-
lated with cellular sensitivity to ferroptosis.

Oncogenic RIT1-containing lung cancer xenografts are 
susceptible to ferroptosis induction
Despite of the relative low frequency of RIT1 mutation, 
lung adenocarcinoma NCI-H2110 cell line has been 
found to contain the M90I mutation in RIT1 gene, pro-
viding a suitable model to characterize endogenous 
oncogenic RIT1 [28]. As shown in Fig.  6A, NCI-H2110 
was susceptible to ferroptosis induction by RSL3, which 
was efficiently reversed by the ferroptosis inhibitor fer-
rostatin-1. Furthermore, RSL3 treatment also led to 
significant increases of both cellular ROS (reactive oxy-
gen species) and lipid ROS levels in NCI-H2110 cells, 
indicative of evident increase in lipid peroxidation 
(Fig. 6B and C). To investigate the contribution of onco-
genic M90I mutant in ferroptotic cell death, we knocked 
down endogenous RIT1 expression using two separate 
shRNAs. As shown in Fig.  6D, both shRNAs effectively 
depleted RIT1 protein levels, with sh2 showing a stronger 
effect. Accordingly, we compared ferroptosis occurrence 
in pLKO control and sh2 stable NCI-H2110 cells fol-
lowing RSL3 treatment. Consistently, RIT1 knockdown 
rendered NCI-H2110 sh2 cells reduced susceptibility to 
RSL3-induced ferroptosis that was accompanied with 
decreased ROS levels, indicating that RIT1 was indeed 
involved in the regulation of sensitivity to ferroptotic cell 
death in NCI-H2110 cells (Fig.  6E-G). After confirming 
ferroptosis induction with NCI-H2110 cells in vitro, we 
turned to investigate the sensitivity of NCI-H2110 xeno-
grafts towards ferroptosis inducer IKE that was preferred 
for in vivo use with nude mouse models [27, 29]. Mice 
with subcutaneously implanted NCI-H2110 xenografts 
were randomized to receive vehicle or IKE treatment, 
and xenograft tumors were measured to calculate sizes 
over the course of experiment. As shown in Fig. 7A and 
B, IKE treatment efficiently hindered NCI-H2110 xeno-
graft growth. Subsequent immunohistochemical analysis 
of resected tissues showed that IKE treatment resulted in 
reduced expression of the proliferation marker Ki-67 but 

led to increased levels of the ferroptosis marker COX-2 
(Fig. 7C and D). Taken together, results from our in vivo 
animal model experiments are in accordance with our in 
vitro analysis and collectively suggest that RIT1 mutant 
expression effectively potentiated ferroptosis induction.

Discussion
Molecular characterizations of human cancers have dra-
matically deepened our understanding of various driver 
mutations in malignancies and provided guidelines how 
to precisely target distinct oncoproteins in the clinical 
treatment of human cancers. Fundamental research and 
clinical investigation have led to the successful devel-
opment of targeted therapies against oncogenic EGFR, 
KRAS (G12C), ALK fusion proteins to treat NSCLC 
patients. Interestingly, accumulating genomic data from 
lung cancer tissue sequencing have revealed the RAS 
paralog RIT1 as a frequently altered driver in lung adeno-
carcinoma [7, 30]. Ensuing investigation has confirmed 
the oncogenic properties of mutated RIT1 and explored 
its downstream signaling output as well as potential tar-
gets for synthetic lethality treatment [23, 31]. Besides 
lung adenocarcinoma, RIT1 alterations have been impli-
cated in the tumorigenesis of other cancer types includ-
ing endometrial cancer and glioblastoma, in addition to 
the major type of RASopathy called Noonan syndrome 
[32–35].

Although RIT1 shares a high degree of similarity with 
the 3 RAS paralogs, its oncogenic mutations frequently 
occur in or close to the switch-II (residues 78–93) region, 
differing from most hotspot mutations observed in RAS 
proteins [8]. Such unique pattern of RIT1 mutations in 
lung cancer likely suggests alternative regulatory mecha-
nisms compared to the other RAS proteins. Indeed, our 
bioinformatic analysis of RIT1 alterations in NSCLC 
revealed that amplification of RIT1 was noticeably more 
dominant relative to mutation and deletion, which was 
opposite to alterations characterized in RAS proteins 
that were primarily mutation and deletion. Furthermore, 
our biochemical characterizations of RIT1 mutants con-
firmed that these mutations led to increased RIT1 abun-
dance by inhibiting its degradation. Taken together, our 
findings suggest that RIT1 alterations in NSCLC are 
associated with elevated RIT1 protein expression, in 
stark contrast with major RAS oncogenic mutations that 
predominantly interfere with nucleotide binding and 
hydrolysis [36].

Oncogenic RAS mutants have been recognized as 
notoriously difficult to inhibit and for a certain period of 
time considered as “undruggable”, thus posing great chal-
lenges to the clinical treatment of patients carrying these 
mutations. Fortunately, recent development of sotorasib 
and adagrasib that target KRAS G12C mutation through 
covalent binding has shown successful clinical efficacy 
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and been approved by authorities [37]. However, targeted 
therapies are still unavailable regarding oncogenic RIT1 
and other RAS mutants, although extensive investiga-
tion is currently being performed trying to resolve such 

unmet needs. In this study, we focused on oncogenic 
RIT1 mutations in lung adenocarcinoma and confirmed 
their stimulating effects on cell propagation. Through 
transcriptomic analysis of cells expressing mutant versus 

Fig. 6  NCI-H2110 cells with endogenous M90I mutation in RIT1 are susceptible to ferroptosis induction. (A) Representative images and quantification of 
cell death in NCI-H2110 cells with indicated treatment under phase contrast (PH) or fluorescence microscope. Cells were treated with RSL3 (5 µM) in the 
presence or absence of ferrostatin-1 (1 µM) for 24 h. (B and C) Flow cytometric analysis of intracellular ROS (B) and lipid ROS levels (C) in NCI-H2110 cells 
with or without RSL3 using indicated probes. (D) Western blotting analysis of NCI-H2110 cells stably transfected with control vector (pLKO.1) and shRNAs 
targeting RIT1 (sh1 and sh2). Tubulin was probed as loading control. Column chart shows quantification of relative RIT1 expression. (E) Representative 
images and (F) quantification of cell death in NCI-H2110 stable cells (pLKO.1 and sh2) with indicated treatment under phase contrast (PH) or fluorescence 
microscope. Cells were treated with RSL3 (5 µM) in the presence or absence of ferrostatin-1 (1 µM) for 12 h. (G) Flow cytometric analysis of intracellular ROS 
levels in NCI-H2110 stable cells (pLKO.1 and sh2) with or without RSL3 treatment. Data were presented as mean ± s.e.m. *P < 0.05, **P < 0.01, ***P < 0.001
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wild-type RIT1, in addition to the upregulation of com-
mon tumorigenic RAS/MAPK and PI3K/AKT pathways, 
we observed that RIT1 mutant expression was also asso-
ciated with altered expression in downstream targets 
of the redox master regulator NRF2. Concomitant with 
growth stimulation, oncogenic RIT1 mutations also con-
ferred cells with increased sensitivities to ferroptosis 
induction by RSL3. Importantly, sensitivity to ferroptosis 
induction was also observed in NCI-H2110 lung adeno-
carcinoma cells that contain RIT1 M90I mutant using in 
vivo xenograft mouse model analysis. Since a growing 
number of NRF2 downstream targets are shown to reg-
ulate cellular ferroptosis occurrence, further investiga-
tion on RIT1 is warranted to dissect its key downstream 
signaling molecules implicated in this important type of 
regulated cell death.

Conclusion
In a summary, our findings collectively suggest that 
RIT1 alterations in lung adenocarcinoma are frequently 
manifested by increased protein expression. However, 

oncogenic RIT1 mutations confer increased ferropto-
sis sensitivity thus presenting a vulnerability that can be 
exploited in future investigation to develop therapeutic 
strategies against oncogenic RIT1.
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without IKE treatment at day 28. (B) Growth curves showing volumes of the NCI-H2110 xenografts with or without IKE treatment at indicated times. (C 
and D) Representative immunohistochemistry images and corresponding quantification of Ki-67 and COX-2 staining with NCI-H2110 xenograft samples. 
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