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Abstract
Accumulating evidence suggests an association between iron metabolism and lung 
cancer progression. In biological systems, iron is present in either reduced (Fe2+; fer-
rous) or oxidized (Fe3+; ferric) states. However, ferrous and ferric iron exhibit distinct 
chemical and biological properties, the role of ferrous and ferric iron in lung cancer cell 
growth has not been clearly distinguished. In this study, we manipulated the balance 
between cellular ferrous and ferric iron status by inducing gene mutations involving 
the FBXL5–IRP2 axis, a ubiquitin-dependent regulatory system for cellular iron home-
ostasis, and determined its effects on lung cancer cell growth. FBXL5 depletion (fer-
rous iron accumulation) was found to suppress lung cancer cell growth, whereas IRP2 
depletion (ferric iron accumulation) did not suppress such growth, suggesting that 
ferrous iron but not ferric iron plays a suppressive role in cell growth. Mechanistically, 
the depletion of FBXL5 impaired the degradation of the cyclin-dependent kinase in-
hibitor, p27, resulting in a delay in the cell cycle at the G1/S phase. FBXL5 depletion in 
lung cancer cells also improved the survival of tumor-bearing mice. Overall, this study 
highlights the important function of ferrous iron in cell cycle progression and lung 
cancer cell growth.

K E Y W O R D S
cell cycle, FBXL5, iron, lung cancer, p27

1  |  INTRODUC TION

Lung cancer is the second most commonly diagnosed cancer in the 
world. More than 2 million people worldwide are newly diagnosed 
with lung cancer each year.1 Despite recent improvements in treat-
ment strategies, lung cancer remains the most common cause of 

cancer-related deaths. Several studies have suggested a link between 
the dysregulation of iron metabolism and lung cancer progression. 
Increased serum iron levels have been found in patients with lung 
cancer.2 Further, the deregulated expression of iron-related genes, 
such as TFR1 and ferritin, has been found in the tumor tissues of pa-
tients with NSCLC.3 Based on epidemiological studies, high dietary 
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iron intake and occupational iron exposure are associated with lung 
cancer risk.4,5 Another study also suggested the beneficial role of 
dietary iron intake on lung cancer risk.6 Therefore, the dual func-
tions of iron in lung cancer progression and suppression have been 
demonstrated in previous studies. However, the precise molecular 
mechanisms underlying these superficially contradictory functions 
of iron in lung cancer cell growth remain unclear.

In humans, iron exists in two oxidation states: ferrous iron (Fe2+) 
and ferric iron (Fe3+).7 Iron taken up via TFR1 is released into the 
cytosol in the ferrous form. Ferrous iron constitutes a cytosolic LIP 
that is used for direct incorporation into iron-dependent proteins 
or is routed to the mitochondria, where it is incorporated into heme 
and iron–sulfur clusters. However, ferrous iron is redox-active and 
catalyzes the production of ROS via the Fenton reaction, leading to 
biochemical damage, such as oxidative DNA injury and lipid perox-
idation of the cell membrane.8,9 To counteract its toxicity, ferrous 
iron that is not utilized or exported is converted to its ferric form 
and stored within ferritin. Ferric iron is redox-inactive and must be 
reduced to the ferrous form prior to entering the LIP. Due to the dis-
tinct biological properties of ferrous and ferric iron, the iron valent 
status and iron amount can contribute to the biological and patho-
logical effects of iron.10 However, the significance of the iron valent 
status in lung cancer is unknown.

Cellular iron homeostasis is predominantly regulated by FBXL5 
and IRP2.11,12 The RNA-binding protein, IRP2, promotes iron uptake 
and suppresses iron storage and export by regulating the stability and 
translation of mRNAs encoding proteins responsible for iron metab-
olism. Accordingly, IRP2 increases cellular ferrous iron levels. Iron-
dependent regulation of IRP2 involves iron sensing by FBXL5, which 
is a substrate recognition component of the SCF E3 ligase complex 
that mediates the ubiquitination and degradation of IRP2. Under iron-
deficient conditions, FBXL5, which is not bound to iron, undergoes 
proteasomal degradation, which leads to IRP2 accumulation and the 
consequent upregulation of ferrous iron levels. In contrast, under iron-
sufficient conditions, FBXL5 stabilizes and degrades IRP2, thereby 
downregulating ferrous iron levels. Therefore, the FBXL5-dependent 
degradation of IRP2 in iron-replete cells is a key event in the mainte-
nance of intracellular iron homeostasis. Disruption of the FBXL5–IRP2 
axis causes the dysregulation of ferrous and ferric iron homeostasis. 
Previously, we revealed that tissue iron levels are higher in FBXL5-
deficient and IRP2-deficient mice than in wild-type controls.13 Due 
to constitutive IRP2 accumulation, the amount of ferrous iron was 
found to increase in FBXL5-deficient mice tissues.13 In contrast, IRP2-
deficient mice had ferric iron accumulation in several tissues, partly 
owing to increased iron sequestration by ferritin.14,15 In this study, we 
investigated the distinct roles of ferrous and ferric iron in lung can-
cer cell growth by genetically manipulating the FBXL5–IRP2 axis. De-
pletion of FBXL5 but not IRP2 in lung cancer cells suppressed their 
growth in vitro, suggesting that ferrous iron plays a suppressive role 
in lung cancer cell growth. The in vivo tumor growth of FBXL5 KO 
mouse LLC cells was also suppressed compared to that of WT cells. 
Mechanistically, the suppression of p27 degradation was identified 
to be responsible for the delayed G1/S transition in FBXL5 KO cells. 

Overall, our results suggest a regulatory role of ferric iron in cell cycle 
progression and lung cancer cell growth.

2  |  MATERIAL S AND METHODS

2.1  |  Antibody, reagent, and plasmid

Antibodies, reagents, and plasmids are listed in Tables S1–S3.

2.2  |  Cell culture and gene deletion

All cell lines were cultured under an atmosphere of 5% CO2 at 37°C. 
LLC cells and A549 cells were cultured in RPMI-1640 medium and 
DMEM, respectively, both supplemented with 10% FBS, penicillin 
(100 U/mL), and streptomycin (100 mg/mL). The cells were treated 
with 200 μM ammonium iron (II) sulfate hexahydrate (Fe2+) or 
400 μM 2, 2′-bipyridyl (Bpy) for the indicated times. FBXL5, IRP2, 
and p27 KO cells were generated using the clustered regularly in-
terspaced short palindromic repeats (CRISPR)/Cas9 system. The 
CRISPR-Cas9 RNA-targeting guide sequences were designed using 
CRISPOR (http://crisp​or.tefor.net/) (Table  S4). The targeting se-
quences of mouse FBXL5 and IRP2 were cloned into PX459. The 
targeting sequences of human FBXL5 and p27 were cloned into 
plentiCRISPR v2 puro and plentiCRISPR v2 blast, respectively. Both 
guide sequences of the PX459 plasmids were used for each gene 
deletion in LLC cells. The PX459 plasmids were transfected into tar-
get cells using the Lipofectamine™ 3000 transfection reagent. After 
puromycin selection, cells were single-cell sorted using a cell sorter 
(SH800S, Sony), and KO clones were selected via immunoblot analy-
sis. The plentiCRISPR v2 plasmid was used to generate the lentivirus, 
as described below.

2.3  |  Viral infection and overexpression

Human-derived FBXL5 tagged with HA was cloned into the ret-
roviral vector, pBABE puro. The retroviral transfer plasmids were 
transduced into Platinum-A packing cells using PolyJet™, following 
the manufacturer's instructions. Lentiviral transfer plasmids were 
transduced via the co-transfection of pLenti-P2A and pLenti-P2B 
packaging plasmids into 293T cells using PolyJet™. The medium was 
changed 12 h after transfection and the supernatant was collected 
48 h after transfection. LLC and A549 cells were infected with ret-
rovirus or lentivirus in the presence of 5 μg/mL polybrene, and se-
lected using puromycin or blasticidin.

2.4  |  Mice and tumor models

C57BL/6JJcl mice (female, 8–10 weeks) were used as subcutaneous 
mouse models. LLC cells (2 × 105) were subcutaneously transplanted 
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into the back flanks of mice. Tumor size was measured using a caliper 
every 3 days to calculate the tumor volume (width2 × height × 0.523). 
Mice were sacrificed when the tumors reached the maximum al-
lowed size (15 mm in diameter) or when signs of ulceration were 
evident.

2.5  |  Immunoblot analysis

Cells were lysed in lysis buffer (0.5% Triton X-100, 50 mM Tris–HCl 
pH 7.5, and 150 mM NaCl) with protease inhibitors (10 μM leupep-
tin, 1 μM pepstatin A, and 1 mM phenylmethylsulfonyl fluoride), and 
the protein concentrations were determined using the Bradford 
method. Equal amounts of protein extracts were mixed with SDS 
sample buffer (2.5% SDS, 12.5% glycerol, 87.5 mM Tris/HCl pH 6.8, 
and 2% 2-mercaptoethanol) and subjected to western blotting anal-
ysis. The images were obtained using a ChemiDoc Touch imaging 
system (Bio-Rad Laboratories).

2.6  |  Ferrous iron imaging and measurement

Cells (2 × 104) were cultured for 48 h, washed with HBSS (−), and 
incubated with FerroOrange at 1:1000 for 30 min. Images were 
obtained using a BZ-X800 all-in-one microscope (KEYENCE) with 
a sectioning function. The intensity was quantified from three ran-
domly captured images using the KEYENCE BZ analyzer software. 
The intensity was extracted from the images and the average inten-
sity per cell was measured. The intensity value was normalized to the 
mean intensity of the WT.

2.7  |  Histological analysis

The tumors were fixed overnight in neutral-buffered formalin. Sam-
ples were transferred to 70% ethanol, stored at 4°C until paraffin 
embedding, and stained with H&E according to standard proce-
dures. For p27 immunostaining, citrate buffer (pH 6.0) with micro-
waves (5 min × 3) was used for antigen retrieval. The sections were 
incubated with 4% block ace powder and p27 antibody (1:50) over-
night at 4°C, followed by a secondary antibody for 30 min at room 
temperature. After the sections were developed using a liquid DAB+ 
substrate chromogen system for 7 min, the slides were stained with 
Mayer's hematoxylin. Images were obtained using a BZ-X800. Posi-
tive cells were extracted from the images and automatically counted 
based on the colors of the strongly p27 positive cells using a BZ 
analyzer.

2.8  |  Soft-agar colony formation assay

Lewis lung carcinoma cells (2 × 103) and A549 cells (2 × 103) were 
cultured in soft agar for 10 days for LLC and 3 weeks for A549 cells, 

with the medium being changed every 3 days. The concentrations of 
the agar gel were 0.4% for the top gel and 0.5% for the basal gel. The 
colonies were stained with 0.01% crystal violet overnight. Images 
were obtained and merged into one picture using a BZ-X800, and 
quantification was performed using a BZ analyzer.

2.9  |  2D growth assay

The cells (1 × 104 cells) were seeded, and cell numbers were counted 
every 24 h using a Luna™ cell calculator (Logos Biosystems) stained 
with trypan blue solution.

2.10  |  Cell viability assay

The cells (1 × 104 cells) were seeded and collected every 24 h. 
The collected cells were washed with PBS and stained with PI at 
1:10,000. Cell viability was observed using FACS Verse and analyzed 
using the FlowJo software.

2.11  |  Cell cycle assay

Briefly, the cells were labeled with 10 μM BrdU for 30 min at 37°C be-
fore collection. The collected cells were fixed with 70% ethanol and 
stored at −30°C. The fixed cells were incubated with 2 N HCl/0.5% 
Triton X-100 for 30 min, followed by 0.1 M sodium tetraborate dec-
ahydrate treatment for 2 min at room temperature. The cells were 
then stained with FITC anti-BrdU antibody (1:10) for 30 min at room 
temperature. After washing, the cells were stained with 1:200 PI. 
The cell cycle phases were observed using FACS Verse (BD Bio-
sciences) and analyzed using the FlowJo software.

2.12  |  CHX chase analysis

The cells were cultured for 16 h, and the medium was changed to a 
serum-free medium for 24 h to synchronize the cell cycle. The me-
dium was replaced with CHX (100 μg/mL) and serum-containing me-
dium. The cells were lysed using lysis buffer at the indicated times 
and prepared for immunoblot analysis. The percentage of p27 and 
p21 remaining after the indicated incubation times was quantified 
using ImageJ software.

2.13  |  Reverse transcription and quantitative PCR 
(RT-qPCR) analysis

Total RNA was extracted from cells using TRIzol™, and cDNA was 
synthesized using the ReverTra® Ace qPCR RT kit, following the 
manufacturer's protocols. Quantitative PCR was performed using 
the Luna® Universal qPCR Master Mix. The sequences of the PCR 
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primers are listed in Table S5. Data were normalized to GAPDH lev-
els and analyzed using the ΔΔCT method.

2.14  |  Analysis of published data

Overall survival (OS) was compared between patients with stage I–IV 
NSCLC presenting high or low levels of FBXL5 expression in TCGA 
dataset accessed with the Human Protein Atlas website (https://
www.prote​inatl​as.org). The downloaded clinical data (follow-up pe-
riod and dead or alive status) of patients with stage I–IV NSCLC were 
evaluated for FBXL5 expression (FPKM value) in tumor tissues and 
analyzed using the Kaplan–Meier survival method. Data for patients 
with unknown stages were excluded.

2.15  |  Statistical analysis

Statistical analyses were performed using Prism software, ver-
sion 9.3.1. Quantitative data are presented as mean ± SD, unless 
indicated otherwise. Comparisons between two groups were per-
formed using the parametric t-test or Mann–Whitney U-test. Com-
parisons among more than three groups were performed using 
one-way ANOVA, followed by Tukey's multiple comparison test. 
Comparisons of the time course between the two groups were 
performed using two-way ANOVA, followed by Bonferroni's mul-
tiple comparisons test. Differences between survival curves were 
analyzed using the log-rank nonparametric test. Statistical signifi-
cance was set at p < 0.05.

3  |  RESULTS

3.1  |  FBXL5 deletion inhibits 
anchorage-independent tumor cell growth in vitro

To confirm the regulation of iron valent homeostasis by the FBXL5–
IRP2 axis, LLC mouse lung cancer cells were treated with ammonium 
iron (II) sulfate hexahydrate (Fe2+) or 2, 2′-bipyridyl (Bpy: Fe2+ che-
lator). Consistent with previous studies, accumulation of FBXL5 as 
well as degradation of IRP2 were evident under ferrous iron-rich 
conditions, while depletion of ferrous iron leads to FBXL5 degrada-
tion and IRP2 accumulation (Figure 1A). These results indicate that 
FBXL5–IRP2 axis is functional in LLC cells and iron valent homeosta-
sis is physiologically regulated. To investigate the role of ferrous and 
ferric iron homeostasis in lung cancer, we established FBXL5 KO and 
IRP2 KO LLC cells using the CRISPR-Cas9 system. It is expected that 
deletion of FBXL5 causes IRP2 accumulation, leading to an increase 
in intracellular ferrous iron levels. Conversely, IRP2 deletion may de-
crease them.13 FBXL5 KO cells showed constitutive IRP2 accumula-
tion regardless of ferrous iron conditions. IRP2 negatively regulates 
the translation of FTH1, which induces the conversion of ferrous 
iron into ferric iron. FBXL5 KO cells exhibited lower FTH1 expression 

than WT cells, whereas IRP2 KO cells exhibited higher expression of 
FTH1 (Figure 1A). Consequently, ferrous iron levels were increased 
in FBXL5 KO cells but decreased in IRP2 KO cells (Figure 1B,C). Ac-
cordingly, the deletion of FBXL5 or IRP2 is identified to be effective, 
and these cell lines are appropriate for investigating changes in the 
balance between ferrous and ferric iron. To determine the effects 
of ferrous iron on tumor cell growth, we performed a colony for-
mation assay. FBXL5 depletion significantly suppressed anchorage-
independent tumor growth in LLC cells, whereas IRP2 depletion 
did not suppress such growth (Figure 1D,E). FBXL5 depletion also 
suppressed the anchorage-independent growth of A549 human 
lung adenocarcinoma cells (Figure S1A,B). Furthermore, the overex-
pression of exogenous FBXL5 ameliorated the accumulation of IRP2 
(Figure 2A), decreased expression of FTH1 (Figure S1C), as well as 
ferrous iron accumulation (Figure 2B,C) in FBXL5 KO cells, indicat-
ing that the reduced expression of FBXL5 is responsible for ferrous 
iron accumulation in FBXL5 KO cells. Importantly, FBXL5 overex-
pression compromised the growth suppression of FBXL5 KO cells 
(Figure 2D,E). To explore whether the accumulation of ferrous iron, 
in a manner distinct from FBXL5 depletion, reproduces the growth 
disadvantage observed in FBXL5 KO cells, we generated FTH1 
KO LLC cells (Figure S1D). Deletion of FTH1 hindered anchorage-
independent tumor growth in LLC cells (Figure  S1E). Collectively, 
these results indicate that ferrous iron homeostasis, governed by the 
FBXL5–IRP2 axis, is important for lung cancer cell growth in vitro. 
Notably, FBXL5 deletion and the consequent ferrous iron accumula-
tion suppressed tumor growth of LLC lung cancer cells.

3.2  |  FBXL5 depletion suppresses lung cancer cell 
growth in vivo

To determine the effects of ferrous iron accumulation on tumor 
growth in vivo, WT or FBXL5 KO LLC cells were subcutaneously 
injected into the back flank of C57BL/6 mice. Consistent with 
the results of the colony formation assay in vitro, the deletion of 
FBXL5 inhibited lung cancer cell growth in vivo (Figure 3A). FBXL5 
KO tumors weighed significantly less than WT tumors (Figure 3B). 
Although no apparent differences in cell morphology were ob-
served between WT and FBXL5 KO tumors, necrotic areas were 
evident in the central region of WT tumors, possibly due to tumor 
overgrowth (Figure 3C). Moreover, the survival of mice implanted 
with FBXL5 KO LLC cells was significantly longer than that of mice 
injected with WT cancer cells (Figure 3D). To determine whether 
FBXL5 is associated with prognosis in human lung cancer, we ex-
amined FBXL5 mRNA expression in stage I–IV NSCLC patients 
from TCGA database. Kaplan–Meier survival analysis revealed 
that low FBXL5 expression was associated with better prognosis 
in patients with NSCLC. The 5-year OS rates of the low FBXL5 
group and high FBXL5 groups were 54% and 42%, respectively 
(p < 0.05) (Figure 3E). Taken together, these results indicate that 
strict control of ferrous iron homeostasis by FBXL5 plays a pivotal 
role in lung tumor growth.
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3.3  |  G1/S transition is delayed in FBXL5 KO cells

We proceeded to explore the cause of the reduced tumor growth 
in FBXL5 KO LLC cells. Accordingly, we counted the cell numbers 
of WT and FBXL5 KO cells together with their viability every 24 h 

under regular two-dimensional (2D) culture conditions. The growth 
of FBXL5 KO cells was markedly suppressed under 2D conditions 
(Figure  4A), while cell viability was comparable between WT and 
FBXL5 KO cells (Figure 4B). These results suggest that FBXL5 deple-
tion may impair cell proliferation but not the viability of LLC cells. 

F I G U R E  1  FBXL5 depletion inhibits 
anchorage-independent tumor cell growth 
in vitro. (A) Immunoblot analysis of WT, 
FBXL5 KO, and IRP2KO are shown. 
Cells were treated with Fe2+ 200 μM or 
Bpy 400 μM for 3 h. (B) Representative 
images of intracellular ferrous iron levels 
measured by FerroOrange. Bars, 50 μm. 
(C) The average ferrous iron level per cell 
in each cell type. ****p < 0.0001 (one-way 
ANOVA followed by Tukey's multiple 
comparison test). (D) Representative 
images of soft-agar colony formation 
assay. (E) The colony forming areas are 
presented as the mean ± SD. ***p < 0.001, 
n.s.: not significant (p > 0.05) (one-way 
ANOVA followed by Tukey's multiple 
comparison test).

F I G U R E  2  HA-tagged FBXL5 reduced 
ferrous iron levels and recovered tumor 
cell growth. (A) Immunoblot analysis of 
WT, FBXL5 KO, and FBXL5 KO + HA-
tagged FBXL5 cells are shown. (B) 
Representative images of intracellular 
ferrous iron levels detected by 
FerroOrange. Bars, 50 μm. (C) The average 
of ferrous iron levels in each cell type 
was quantified. ****p < 0.0001 (One-way 
ANOVA followed by Tukey's multiple 
comparison test). (D) Representative 
images of soft-agar colony formation 
assay. (E) Colony forming areas are 
presented as the mean ± SD. **p < 0.01, 
****p < 0.0001 (one-way ANOVA followed 
by Tukey's multiple comparison test).
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Therefore, we focused on the effect of FBXL5 depletion on cell cycle 
progression. BrdU-PI double staining was performed to assess the 
cell cycle phase distribution. FBXL5 KO cells exhibited increased 
numbers of cells in the G0/G1 phase and decreased numbers of cells 
in the S phase compared with WT cells (Figure 4C), implying that the 

G1/S transition is impaired in FBXL5 KO cells. When a further evalu-
ation was performed, cells were found to be synchronized at the G1 
phase by serum starvation for 24 h, and were released into the S 
phase by replacing the medium with a serum-containing medium. 
After serum starvation, most cells in both cell lines were arrested in 
the G1 phase. Time-course analysis revealed that the G1/S transition 
was delayed in the FBXL5 KO cells (Figure 4D). These findings indi-
cate that the deletion of FBXL5 disturbs the G1/S transition, thereby 
suppressing lung cancer cell growth.

3.4  |  P27 degradation is suppressed during G1/S 
transition in FBXL5 KO cells

We aimed to identify the molecular mechanism underlying 
G1/S delay in FBXL5 KO cells. The retinoblastoma protein (Rb)-
adenoviral early region 2 binding factor (E2F) pathway integrates 

F I G U R E  3  FBXL5 depletion suppresses tumor cell growth in 
vivo. (A) Tumor growth curves. Data are presented as mean ± SEM; 
n = 8 tumors for each group. ***p < 0.001, ****p < 0.0001 (Two-way 
ANOVA test followed Bonferroni's multiple comparisons test). (B) 
Tumor weight. Data are presented as mean ± SD; n = 8 tumors for 
each group. *p < 0.05 (Mann–Whitney U-test). (C) H&E images. Bars: 
1 mm for the whole picture and 50 μm for HPF (20 × magnification). 
(D) Kaplan–Meier survival curves for tumor-bearing mice (n = 10 
mice per group). **p < 0.01 (log-rank test). (E) Overall survival 
curves for patients with stage I-IV NSCLC from TCGA dataset with 
high FBXL5 expression (n = 764) or low FBXL5 expression (n = 218) 
are shown. The cutoff value for FPKM was 14.12. *p < 0.05 (Log-
rank test).

F I G U R E  4  G1/S transition is delayed in FBXL5 KO cells. (A) 
Growth curves of 2D culture. Data are presented as the mean ± SD. 
****p < 0.0001 (two-way ANOVA with Bonferroni's multiple 
comparisons test). (B) Cell viability. Data are presented as the 
mean ± SD. Unpaired parametric t-test. (C) Cell cycle analysis. The 
percentage of cells in the G1, S and G2/M phases. (D) Cell cycle 
analysis after synchronization by serum starvation.
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signals to control G1/S transition in the mammalian cell cycle.16,17 
E2F transcription factors induce the expression of numerous 
genes required for cell cycle entry and DNA synthesis. Rb forms a 
complex with E2F to suppress its transcriptional activity.17 Upon 
phosphorylation of Rb, E2F is released from the complex, leading 
to the induction of its transcriptional activity. Based on the mRNA 
expression of Ccne1 (also known as Cyclin E1), a representative 
target of E2F, E2F transcriptional activity was increased rapidly 
in WT cells, and slowed in FBXL5 KO cells after serum stimulation 
(Figure 5A). Furthermore, phosphorylation of Rb, a step before E2F 
activation, also increased over time in WT cells, but was delayed 
in FBXL5 KO cells (Figure  5B). Rb is phosphorylated by several 
cyclins and cyclin-dependent kinases (CDKs). CDK inhibitor (CKI) 
families, including p27 (also known as Kip1) and p21 (also known 
as Cip1/Waf1), bind to the cyclin-CDK complex and suppress their 
catalytic activity for Rb phosphorylation.17 p27 expression was 
found to remain higher in FBXL5 KO cells than in WT cells after 
serum stimulation (Figure  5B). In contrast, p21 expression was 
lower in FBXL5 KO cells than in WT cells. Immunohistochemical 

analysis using subcutaneous tumor samples revealed that LLC tu-
mors depleted of FBXL5 displayed a marked increase in p27 levels 
compared to WT tumors (Figure 5C,D). Taken together, these re-
sults suggest that p27 accumulation is associated with reduced Rb 
phosphorylation and G1/S delay in FBXL5 KO LLC cells.

We proceeded to explore the mechanism underlying p27 ac-
cumulation in FBXL5 KO cells. There was no difference in the p27 
mRNA levels between FBXL5 KO and WT cells under serum-starved 
conditions (Figure  5E). To assess the stability of the p27 protein 
during the G1/S transition, we performed a CHX chase analysis. Fol-
lowing serum stimulation, marked degradation of p27 was evident 
within 2 h in WT cells; however, FBXL5 KO cells took approximately 
4 h to degrade p27 to similar levels (Figure 5F). The delay in p27 deg-
radation was not caused by non-specific downregulation of protea-
somal activity as there was no difference in the degradation speed 
of p21.

Taken together, these findings indicate that the suppression of 
the G1/S transition by FBXL5 deletion is associated with impaired 
p27 degradation.

F I G U R E  5  p27 degradation is 
suppressed during G1/S transition in 
FBXL5 KO cells. (A) mRNA expression 
level of ccne1. Data are expressed as 
the mean ± SD. ****p < 0.0001, n.s.: 
not significant (p > 0.05) (One-way 
ANOVA followed by Tukey's multiple 
comparison test). (B) Immunoblot analysis 
after serum starvation are shown. 
(C) Immunohistochemistry images of 
paraffin-embedded tumors stained with 
p27. Bars, 50 μm. Quantification of p27 
strong positive cells in three randomly 
selected fields. Data are presented as 
the mean ± SD (n = 4). *p < 0.01 (Unpaired 
parametric t-test). (D) The p27 mRNA level 
under serum starvation are presented 
as the mean ± SD. (E) CHX chase assay 
and the percentage of p27 remaining are 
shown.
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3.5  |  p27 accumulation is responsible for growth 
suppression of FBXL5 KO cells

As p27 degradation was compromised during the G1/S transition 
in FBXL5 KO cells, we hypothesized that p27 accumulation was 
responsible for the growth suppression of FBXL5 KO cells. To test 
this hypothesis, we generated FBXL5/p27 double KO (dKO) LLC 
cells using the CRISPR-Cas9 system. RB phosphorylation during the 
G1/S transition was suppressed in FBXL5 KO cells, but markedly in-
creased in FBXL5/p27 dKO cells (Figure 6A). The colony formation 
assay also revealed that growth suppression by FBXL5 depletion 
was partially abolished in FBXL5/p27 dKO cells (Figure 6B,C). These 
results indicate that p27 accumulation is responsible for growth sup-
pression of FBXL5 KO LLC cells. In summary, aberrant ferrous iron 
homeostasis caused by the loss of FBXL5 suppresses lung cancer 
cell growth by delaying the cell cycle through p27 accumulation. Our 
results also highlight an association between the ferrous iron status 
and G1/S transition.

4  |  DISCUSSION

Numerous studies have suggested an association between iron 
metabolism and lung cancer progression. However, the patho-
physiological role of iron in lung cancer remains unclear. Previous 
studies have mainly focused on the effect of total iron amount 
on cancer cell growth. The iron chelator, deferasirox, potently 
inhibits the growth of lung carcinoma xenografts.18 Iron chelator 

treatment decreases expression of cyclin D1 and CDK4, thereby 
triggering G1 arrest and growth suppression of cultured tumor 
cells.19–21 Moreover, depletion of intracellular iron by ferroportin 
overexpression induces G1 arrest in prostate cancer cells.22 Ac-
cordingly, iron is necessary for efficient G1/S transition and can-
cer cell growth. Consistent with these findings, we observed a 
decrease in Cyclin D1 and CDK4 levels in LLC cells when treated 
with the ferrous iron chelator Bpy (Figure  S2A). In contrast, the 
expression of Cyclin D1 and CDK4 in FBXL5 KO cells remained un-
changed. These data suggest that the mechanism underlying the 
growth suppression triggered by FBXL5 depletion differs from the 
mechanism triggered by iron chelation, even though both condi-
tions induce G1/S arrest. Our data highlight the significance of the 
regulation of iron valence by the FBXL5–IRP2 axis in lung cancer 
progression through the accumulation of p27. As loss of p27 ex-
pression is associated with poor OS in patients with NSCLC,23 a 
strong correlation was found between p27 and cancer develop-
ment. However, the mechanism by which iron valency modulates 
p27 expression in cancer cells remains unclear. Elucidating the de-
tailed mechanism of p27 regulation, including the involvement of 
IRP2 and ROS downstream of FBXL5, is an important direction for 
future research.

Although this study highlights the tumor-promoting role of 
FBXL5 in lung cancer, we previously demonstrated the tumor-
suppressive role of FBXL5 in liver carcinogenesis.10 Genes anno-
tated as “E2F target” and “mitotic spindle” were upregulated in 
FBXL5-deficient liver tumors, suggesting accelerated cell cycle 
progression in FBXL5-deficient liver tumors. Furthermore, de-
creased FBXL5 expression is associated with poor prognosis in 
patients with hepatocellular carcinoma. FBXL5 plays a tumor-
suppressive role by inhibiting epithelial-to-mesenchymal tran-
sition (EMT) and cisplatin resistance in gastric cancer.24,25 In 
contrast, FBXL5 promotes cell proliferation and tumorigenesis 
in colon cancer by modulating PTEN-PI3K/AKT/signaling.26 The 
exact reason for the opposite role of FBXL5 in cancer is unknown; 
however, this evidence implies that FBXL5 controls tumor growth 
in a tissue- and cell type-specific manner. Considering the role of 
ferritin in iron storage and ferroxidase activity, tumor ferritin lev-
els may be hypothesized to be associated with different effects of 
FBXL5 depletion on tumor growth among cancer types. Indeed, 
FBXL5 KO LLC cells displayed reduced ferritin levels (Figure 1A), 
whereas liver-specific FBXL5-deficient mice exhibited higher he-
patic ferritin levels relative to control mice, despite an increase in 
hepatic IRP2 levels.13 In addition to IRP2-mediated translational 
regulation, ferritin expression is transcriptionally regulated by ox-
idative stress and inflammation.27 Thus, a comparison of the con-
tribution of FBXL5-dependent and FBXL5-independent regulation 
of ferritin expression in various cancers would serve as an import-
ant future assessment.

Our data showed that FBXL5 depletion in lung cancer cells im-
proved the survival of tumor-bearing mice. A lower expression of 
FBXL5 was also associated with a better prognosis in NSCLC pa-
tients (Figure  3E). Previous studies have shown that ascorbate 

F I G U R E  6  p27 is responsible for tumor growth suppression in 
FBXL5 KO cells. (A) Immunoblot analysis after serum starvation are 
shown. (B) Representative images of soft-agar colony formation 
assay. (C) Quantification data for the colony forming areas are 
presented as the mean ± SD. **p < 0.01, ****p < 0.0001 (one-way 
ANOVA followed by Tukey's multiple comparison test).
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improves the response to chemotherapy for ovarian cancer and pan-
creatic cancer, and enhances cancer cell-selective radiosensitivity 
in NSCLC and glioblastoma.28,29 As ascorbate increases ferrous iron 
levels in cancer cells,29 these clinical studies suggest the potential of 
ferrous iron for improving anticancer therapy. Indeed, increasing in-
tracellular ferrous iron levels are closely associated with ferroptosis, 
a new form of programmed cell death driven by iron-dependent lipid 
peroxidation.30 As the induction of ferroptosis has been reported to 
enhance the efficacy of chemotherapy and radiotherapy,31,32 target-
ing FBXL5 to increase intracellular ferrous iron may be beneficial for 
the future development of lung cancer treatment. Elucidating the 
distinct functions of ferrous and ferric iron in tumor development 
and progression will have important clinical implications in the treat-
ment of lung cancer.
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