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Abstract

Cancer susceptibility is a critical factor in the understanding of carcinogenesis.
Intraperitoneal (i.p.) injection of an iron chelate, ferric nitrilotriacetate (Fe-NTA), pro-
duces hydroxyl radicals via Fenton reaction to induce ferroptosis in renal proximal
tubules. Rats or mice subjected to repeated i.p. injections of Fe-NTA develop renal
cell carcinoma (RCC). To elucidate the molecular mechanisms that cause suscepti-
bility to renal carcinogenesis, we first established an inter-strain difference in the
susceptibility to Fe-NTA-induced renal carcinogenesis in mice. Based on a previous
observation of a low incidence of RCC with this model in C57BL/6J strain mice, we in-
vestigated A/J strain mice here, which demonstrated significantly higher susceptibil-
ity to Fe-NTA-induced renal carcinogenesis. Homozygous deletion of the Cdkn2a/2b
tumor suppressor locus was detected for the first time in A/J strain mice. Focusing
on ferroptosis and iron metabolism, we explored the mechanisms involved that lead
to the difference in RCC development. We compared the protective responses in the
kidney of A/J and C57BL/6J strains after Fe-NTA treatment. After 3-week Fe-NTA
treatment, A/J mice maintained higher levels of expression of glutathione peroxidase
4 and xCT (SLC7A11), leading to a lower level of lipid peroxidation. Simultaneously,
A/J mice had decreased expression of transferrin receptor and increased expression
of ferritin to greater degrees than C57BL/6 mice. After a single Fe-NTA injection,
higher levels of oxidative cell damage and cytosolic catalytic Fe(ll) were observed
in C57BL/6J mice, accompanied by a greater increase in lipocalin-2. Lipocalin-2 de-
ficiency significantly decreased oxidative renal damage. Our results suggest that
a genetic trait favoring ferroptosis resistance contributes to high susceptibility to
Fe-NTA-induced RCC in A/J strain.
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1 | INTRODUCTION

Iron is essential for human life.X The iron balance in our body is main-
tained through both systemic and cellular regulatory mechanisms.?*
Iron is not only associated with multiple physiological processes but
is also involved in various pathological conditions, including inflam-
mation, anemia and cancer. Iron-mediated cellular toxicity has been
recognized as one of the key factors in renal injury and carcinogen-
esis.>”’ Except for some hereditary renal cell carcinomas (RCC), such
as those associated with germline mutations of VHL, MET, or FLCN,®
most human RCC originate from somatic mutations. Therefore, it
is important to establish animal models to replicate the process of
human renal carcinogenesis.9

Intraperitoneal (i.p.) injection of ferric nitrilotriacetate (Fe-
NTA), a form of chelated iron, produces reactive oxygen species
(ROS), including hydroxyl radicals, via Fenton reaction in the renal
proximal tubules in mice and rats.’® In the first half of the 1980s,
our research group established that repeated i.p. administration
of Fe-NTA induces a very high incidence of RCC in rats (approxi-
mately 90%).%1! For mice, we also succeeded in obtaining RCC at
approximately 60% incidence with A/J strain in 1987.12 However,
in the recent experiments using C57BL/6J mice, the incidence of
RCC was low (<10%).2® Therefore, it is necessary to clarify the
mechanisms responsible for the inter-strain difference in suscep-
tibility to Fe-NTA-induced renal carcinogenesis. In the first mouse
carcinogenesis experiment with A/J strain mice, mice were ob-
served for only 60 weeks, whereas our recent experiment with the
C57BL/éJ strain of mice followed all the mice for 120 weeks. In the
present study, we performed the renal carcinogenesis experiment
with A/J mice, with all mice followed until the point of death to es-
tablish the inter-strain difference. Genomic DNA exposed to ROS
may develop copy number aberrations and somatic mutations,
which potentially are the basis for carcinogenesis.}* ROS may af-
fect specific chromosomal loci to provoke carcinogenesis.'®> The
genome of Fe-NTA-induced rat RCC carries prominent chromo-
somal aberrations, which frequently include homozygous deletion
of the Cdkn2a/2b tumor suppressor and amplification of the Met
oncogene.® However, RCC induced in C57BL/6J wild-type mice
and C57BL/6J background Mutyh-knockout mice exhibited less
chromosomal aberrations in comparison to rat RCC.'® Here, we

applied array-based comparative genomic hybridization (aCGH) to

compare the chromosomal aberrations in the obtained RCC be-
tween A/J mice and C57BL/6J mice or rats.

We also analyzed acute/subacute responses to the Fe-NTA-
induced renal damage in A/J and C57BL/6J mice to identify the under-
lying mechanism for the difference in susceptibility. We hypothesized
that ferroptosis and iron metabolism are involved in the susceptibility
to Fe-NTA-induced renal carcinogenesis. The catalytic Fe(ll) in cyto-
sol, called liable iron pool (LIP), can be highly reactive and produces
various ROS.Y8 Ferroptosis is a type of regulated cell death, defined
as catalytic Fe(ll)-dependent regulated necrosis accompanying lipid
peroxidation.'? Ferroptosis is regulated by cellular glutathione and
glutathione peroxidase 4 (GPX4)?° as well as by iron regulatory/me-
tabolizing proteins. Transferrin receptor 1 (TfR1), a membrane protein
binding to the transferrin complex to uptake iron to cytoplasm,?! not
only controls the cellular iron level but can be a ferroptosis marker.??
Lipocalin 2 (LCN2), also called neutrophil gelatinase-associated lipo-
calin (NGAL), is a small secreted protein that binds to iron via sid-
erophores to promote cellular iron uptake or induce apoptosis to
contribute to renal injury‘23 The early phase analyses suggested that
inherent ferroptosis resistance of the renal tubular cells in A/J mice

determines the difference in carcinogenesis from C57BL/6J mice.

2 | MATERIALS AND METHODS

2.1 | Protocols for ferric nitrilotriacetate induced
renal carcinogenesis in mice

Ferric nitrate enneahydrate was obtained from Wako, and nitrilotri-
acetic acid disodium salt was obtained from TCI (Tokyo, Japan); they
were dissolved in deionized water to make 300 and 600 mM solu-
tions, respectively. The solution of ferric nitrate enneahydrate and
nitrilotriacetic acid disodium was mixed immediately before use to
make Fe-NTA solution, with a ratio of 1:2 (v/v); the pH was adjusted
to 7.4 with sodium carbonate (Wako). Finally, the Fe-NTA solution
was diluted 10 times with deionized water. All the chemicals used
were of analytical grade.

From 4 weeks of age, 58 male wild-type A/J mice were maintained
under a standard diet at the laboratory animal facility of Nagoya
University Graduate School of Medicine. All the mice were injected

i.p. with Fe-NTA, with a dose of 5 mg iron/kg five times a week for

FIGURE 1 Highincidence of ferric nitrilotriacetate (Fe-NTA)-induced renal cell carcinomas (RCC) and Cdkn2a/2b homozygous deletion
in A/J mice. (A) Kaplan-Meier survival curves in A/J and C57BL/6J strains (determined using log-rank [Mantel-Cox] test). (B) The incidence
probability of Fe-NTA induced RCC in A/J and C57BL/éJ strains (determined using log-rank [Mantel-Cox] test). (C) Macroscopic images of
solid RCC (bar = 5 mm) and cystic RCC (bar = 10 mm) from A/J mice. Microscopic images of solid RCC and cystic RCC from A/J mice with
H&E staining and CD10 immunohistochemistry (IHC; bar = 200 pm; bar = 50 pm in the insets). Ca, carcinoma; Cy, cyst; N, normal tissue.
(D) Immunohistochemical staining of Ki-67 (bar = 50 pm). Ki-67 index, ratio of Ki-67 positive cells to total cells (N = 3 for control; N =7
for RCC; ***P < .001). (E) Array-based comparative genomic hybridization (CGH) analysis of two representative cases of RCC in A/J mice
(refer to Figure S2 for other six cases). The number at the bottom of the image corresponds to each murine chromosome. Red arrowhead,
homozygous deletion of Cdkn2a/2b. (F) Heat map of array-based CGH analysis of eight cases of RCC in A/J mice regarding the orthologous
genes that represent germline mutation in human hereditary RCCs. Data on C57BL/6J strain in (A, B) was obtained from our previous

report13 and reevaluated
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the first 2 weeks, and injected with a dose of 7 mg iron/kg five times
a week during the next 10 weeks. The mice that were found dying
were killed. The fresh kidney tissues were either fixed in 10% PBS
for H&E staining/immunohistochemistry or frozen at -80°C for

other analyses.
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2.2 | Protocols for ferric nitrilotriacetate-induced
acute and subacute renal injury in mice

Regarding the acute renal injury experiments, 7 male A/J wild-type
mice, 7 male C57BL/6J wild-type mice and three C57BL/6J Lcn2 (-/-)
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mice were used. A/J wild-type and C57BL/6J wild-type mice were pur-
chased from SLC. Lcn2 (=/-) mice with a C57BL/6 background were
generated as described previously.?* At 4-weeks old, all mice were
injected i.p. with 5 mg iron/kg Fe-NTA; mice were killed 3 hours
later. For the subacute renal injury experiments, 3 male A/J wild-type
mice and 3 male C57BL/6J wild-type mice were used. The Fe-NTA i.p.
injection was as follows: the first two days at 3 mg iron/kg and the
following days at 5 mg iron/kg. The mice were killed 24 hours after

TABLE 1 Summary of obtained tumors in Fe-NTA-treated mice

Mouse strain A/l C57BL/6)?
Total mice 29 14

Lung adenocarcinoma 2 0
Lymphoma 0 6

Renal cell carcinoma 18 1

RCC incidence 18/29 (62.07%) 1/14 (7.14%)

Fe-NTA, ferric nitrilotriacetate; RCC, renal cell carcinoma.
2Data from our previous report.®

4-HNE

the final injection of Fe-NTA. The animal experimental committee
of Nagoya University Graduate School of Medicine approved all the
animal experiments described.

2.3 | Immunoblot analysis

Renal tissue samples were homogenized in RIPA buffer with pro-
tease inhibitor. The tissue lysates were centrifuged at 21,600 x g
for 15 minutes at 4°C. The supernatant was collected and stored
at -80°C. A Protein Assay Bicinchoninate Kit (Nacalai Tesuge) was
used to quantify the protein. According to the standard protocol,
proteins were separated with SDS-PAGE and transferred onto PVDF
membranes, which were incubated in blocking buffer (5% defatted
milk) at 4°C overnight. They were then hybridized with the primary
antibody for 2 hours and then HRP-conjugated secondary antibody
for 30 minutes at room temperature (RT), followed by reaction with
the Chemi-Lumi One Ultra Super Kit (Nacalai Tesque). Finally, the
bands were visualized with LuminoGraph | (ATTO, Tokyo, Japan) and
quantified with ImageJ software (https://imagej.nih.gov/ij/).
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FIGURE 2 Ferroptosis is repressed in A/J mice after repeated intraperitoneal (i.p.) administration of ferric nitrilotriacetate (Fe-NTA)
for 3 weeks. (A) Lower level of renal proximal tubular necrosis in A/J mice with H&E staining in comparison to C57BL/éJ mice. Green
dotted lines delineate the region of renal tubular necrosis. Red arrowheads, pyknosis (bar = 50 pm or 20 pm in each right magnified panel;
N = 3). (B) Lower level of 4-hydroxy-2-nonenal (4-HNE) in A/J mice with immunohistochemistry (IHC) analysis in comparison to C57BL/éJ
mice (bar = 50 pm; N = 3). (C) Lower level of Ki-67 in A/J mice with IHC analysis in comparison to C57BL/6J mice (bar = 50 pm; N = 3;
mean + SEM; *P < .05, **P < .01, ***P < .001; ns, not significant). Refer to text for details
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2.4 | Immunohistochemistry and renal tubular
damage analysis

LCN2 and Ki-67 immunohistochemical staining were performed
manually. Antigen retrieval was performed in 10 mM pH 6.0 so-
dium citrate buffer, at 100°C for 5 minutes. Samples were blocked
by Serum Free Reagent (x0909, DAKO) for 15 minutes and incu-
bated with primary antibody for 1.5 hours at RT, followed by HRP-
conjugated second antibody for 30 minutes at RT. Finally, the slides
were visualized with a DAB kit (K3468, DAKO). Other immunostain-
ing was performed by BOND MAX/III (Leica) with BOND Polymer
Refine Detection (ds9800; Leica). Image) was used to quantify the

A/J Control

AlJ3wk B6JControl B6J 3wk

(B)

ACTB |

— 20

N
o
1

-
L
1

GPX4/ACTB
:

Cancer Science R uiis o

integrated density. For the renal tubular damage analysis in H&E-
stained specimens, the proximal tubules with nuclear pyknosis and
membrane disruption were regarded as damaged. We randomly se-
lected the microscopic cortical areas from 3 mice of each group to

calculate the ratio of damaged renal tubules to total renal tubules.

2.5 | Antibodies

The following primary antibodies were used for immunoblot analysis
andimmunohistochemistry: mouse monoclonal anti-transferrinrecep-

tor antibody (13-6800, Invitrogen), goat polyclonal anti-Lipocalin-2/
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FIGURE 3 High expression of glutathione peroxidase 4 (GPX4) in A/J mice after repeated intraperitoneal (i.p.) administration of ferric
nitrilotriacetate (Fe-NTA) for 3 weeks. (A) Immunohistochemistry (IHC) analysis of GPX4 (bar = 50 pm; N = 3). (B) Immunoblot analysis of
GPX4 (N = 3). (C) Immunoblot analysis of cystine-glutamate antiporter (xCT) (N = 3; mean + SEM; *P < .05, **P < .01, ***P < .001; ns, not

significant)
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FIGURE 4 Difference in responses of iron regulatory/metabolism proteins between A/J and C57BL/6J mice to repeated intraperitoneal
(i.p.) administration of ferric nitrilotriacetate (Fe-NTA) for 3 weeks. (A) Immunoblot analysis of Transferrin receptor 1 (TfR1) (N = 3). (B) Real-
time quantitative PCR (qPCR) analysis of TfR1 (N = 5 for control; N = 4 for A/J; N = 3 for C57BL/6J). (C) Immunohistochemistry (IHC) analysis
of TfR1 (bar = 50 pm). (D, E) Immunoblot analysis of IRP1 and IRP2 (lower band; N = 3). (F, G) Real-time qPCR analysis of Cubilin and Megalin
(N = 3). (h) IHC analysis of Transferrin in renal proximal tubular cells (bar = 50 pm; N = 3; mean + SEM; *P < .05, **P < .01, ***P < .001; ns,

not significant). Refer to text for details

NGAL antibody (AF1857, R&D systems), rabbit monoclonal anti-
p-actin (ACTB) antibody (AC026, ABclonal), rabbit monoclonal
anti-IRP1 antibody (ab126595, Abcam), rabbit polyclonal anti-IRP2
antibody (NB100-1798, Novus), rabbit polyclonal anti-FTH1 antibody
(3998, CST), rabbit polyclonal anti-ferritin light chain (FTL) antibody
(ab69090, Abcam), rabbit polyclonal anti-divalent metal transporter
1 (DMT1) antibody (20507-1-AP, proteintech), rabbit polyclonal
anti-8-hydroxy-2'-deoxyguanosine (8-OHdG) antibody (bs1278R,
Bioss), rabbit polyclonal anti-4-Hydroxynonenal antibody (bs6313R,
Bioss), anti-CD10 antibody (ab256494, Abcam), anti-Kié7 antibody
(ab16667, Abcam), rabbit monoclonal anti-Cleaved Caspase-3 anti-
body (9664, CST), rabbit monoclonal anti-Glutathione Peroxidase 4
antibody (ab125066, Abcam), and anti-xCT antibody (NB300-318,
Novus). Secondary antibodies used in immunoblot analysis and immu-
nohistochemistry were as follows: HRP-conjugated polyclonal Goat
anti-Rabbit antibody (P0448, DAKO), HRP-conjugated polyclonal
Rabbit anti-mouse antibody (P0260, DAKO) and HRP-conjugated
polyclonal Rabbit anti-Goat antibody (P0160, DAKO).

2.6 | Real-time quantitative PCR

Total RNA from kidneys was extracted using the RNeasy Plus Mini
Kit (74136, QIAGEN), which was quantified by the NanoDrop2000
(Thermo Fisher Scientific) and reverse-transcribed into cDNA using
SuperScript Il First-Strand (Invitrogen). The quantitative PCR
(gPCR) was performed using Platinum SYBR Green (Invitrogen)
on the CFX96 Real-Time System (Bio-Rad). The gene expres-

sion was calculated using the 2744¢t

method and compared to the
control group. The following primers were used for amplification
in RT-gPCR: TfR1-F, 5-TCCGCTCGTGGAGACTACTT-3', TfR1-R:
5-ACATAGGGCGACAGGAAGTG-3', Lcn2-F: 5'-TGGAAGAACC
AAGGAGCTGT-3', Lcn2-R:  5-CACACTCACCACCCATTCAG-3',
Cubilin-F: 5-GAAGGGGATTCCTTCTGGAG-3’, Cubilin-R: 5'-ACAG
GGGTGTCTCCTGTCAC-3', Megalin-F: 5-TGTCTCTGCTGGGGTC
TTCT-3', Megalin-R:  5-GGGTGCCATCATTGGTAATC-3', and
p-actin-F: 5'-TGTTACCAACTGGGACGACA-3', p-actin-R: 5'-GGGG
TGTTGAAGGTCTCAAA-3'.

2.7 | Detection of catalytic Fe(ll)

RhoNox-4 (FerroOrange) was obtained from Goryo Kayaku. Kidneys
of A/J and C57BL/6J mice were dissected 6 hours after a single Fe-
NTA i.p. injection (5 mg iron/kg). The kidney tissues were embedded
in plastic cryomold filled with Optimal Cutting Temperature com-

pound (Sakura Finite Japan) immediately after excision, using dry ice

acetone. Frozen sections were cut using cryostat (Leica, CM1520).
Then, the detection was performed as described®® by applying
Rhonox-4 on the frozen kidney sections, which were observed with
a fluorescence microscope (BZ-9000, Keyence). The intensity of flu-

orescence was evaluated by ImageJ.

2.8 | Array-based comparative genomic
hybridization analysis of ferric nitrilotriacetate-
induced renal cell carcinoma

We extracted genomic DNA from RCC samples using a DNeasy Blood
and Tissue Kit (QIAGEN), which was quantified by NanoDrop2000
(Thermo Fisher Scientific). Concentration of dsDNA was measured
with a Quant-iT dsDNA BR Assay Kit (Thermo Fisher Scientific). We la-
beled DNA from 8 A/J mice RCC cases with Cy-5 and the correspond-
ing control DNA with Cy-3, which were applied to the mouse genome
CGH microarray slides 4x180k (G4826A, Agilent Technologies) ac-
cording to the Agilent Oligonucleotide Array-Based CGH for Genomic
DNA Analysis Protocol Ver.7.3. The data from the Agilent scanner was
analyzed using the Agilent Genomic Workbench Standard Edition.

2.9 | Statistical analysis

All the statistical analyses were performed using GraphPad Prism
9. The significance of difference was calculated by unpaired t test
and log-rank (Mantel-Cox) test. Significance was defined either as
*P < .05, **P < .01, or ***P < .001 or not significant (ns).

3 | RESULTS

3.1 | Incidence of ferric nitrilotriacetate-induced
renal cell carcinoma is significantly higher in A/J mice
than in C57BL/6J mice

The incidence of Fe-NTA-induced RCC in A/J mice (62.1%) was
significantly higher than that of C57BL/6 mice in our recent study
(7.1%).° After repeated i.p. Fe-NTA administration for 12 weeks, the
long-term survival rate in A/J mice was consistently lower than that
in C57BL/6J mice (Figure 1A). Mice that died during the 12-week Fe-
NTA treatment period were excluded from the count. Other than
RCC, 2 cases of lung adenocarcinoma and 6 cases of malignant lym-
phoma were also observed in A/J and C57BL/6J mice, respectively
(Table 1). A significantly higher incidence of RCC was observed in A/J

mice (Figure 1B). We observed macroscopic tumors in all cases, with
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FIGURE 5 Difference in levels of ferritin and hemosiderin between A/J and C57BL/6J mice after repeated intraperitoneal (i.p.)
administration of ferric nitrilotriacetate (Fe-NTA) for 3 weeks. (A, B) Immunoblot analysis of ferritin light chain (FTL) and ferritin heavy
chain (FTH) (N = 3). (C) Immunohistochemistry (IHC) analysis of FTL (bar = 50 pm; N = 3). (D) Prussian blue staining (bar = 50 um; N = 3,
mean + SEM; *P < .05, **P < .01, ***P < .001; ns, not significant)
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FIGURE 6 Ferroptosis resistance in the acute phase of A/J mice by difference of renal tubular necrosis, iron regulatory/metabolism
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some tumors that were huge cysts. Proliferation of atypical glan-
dular cells with CD10 immunopositivity was observed, presenting
as either papillary, irregularly tubular, or solid structures with loss
of normal renal tubular organization (Figures 1C and S1). Ki-67 im-
munostaining showed increased positivity in A/ZJ RCC (Figure 1D).
Table S1 describes further details of these RCC.

We performed the array-based CGH analysis on Fe-NTA-induced
A/J mice RCC from the 8 cases, revealing 25 mm in diameter RCC (GEO
accession: GSE183173). We found wide chromosomal deletions in
chromosome 4 in all the cases and in chromosome 12, 13 or 14 in some
cases (Figures 1E and S2). No homozygous loss of a tumor suppres-
sor gene was detected in C57BL/6J mice RCC in the previous study,13
whereas Cdkn2a/2b has been recognized as one of the target genes in
iron-induced carcinogenesis.26 In this study, we first found Cdkn2a/2b
homozygous loss in 1 case and hemizygous loss in 3 RCC cases of
A/J mice. Tp73 (p73), a member of the p53 family of tumor suppres-
sor genes,?’
Distinct from Fe-NTA-induced rat RCC,* amplification of Met was not

observed in A/J mice RCC. We also listed other genes reported to be

was hemizygously deleted in 7 out of 8 RCC examined.

associated with hereditary kidney cancer syndromes,?® such as PTEN,
FLCN, and VHL, which revealed no significant alterations (Figure 1F).

3.2 | Ferroptosis is repressed in A/J mice with
decreased lipid peroxidation after subacute
renal injury

GPX4 directly regulates membrane-associated lipid peroxidation?’
and is considered a key regulator of ferroptosis.?° Histologically,
we observed significantly less damage in renal tubular cells of A/J
mice than C57BL/6J mice 3 weeks after repeated administration of
Fe-NTA (Figure 2A). To evaluate the level of lipid peroxidation, we
examined the levels of 4-hydroxy-2-nonenal (4-HNE)-modified pro-
teins via immunohistochemistry. We found that 4-HNE was highly
abundant in the nucleus of proximal tubular cells of C57BL/6J mice
but not in A/J mice (Figure 2B). High Ki-67 positivity suggests simul-
taneous regenerative changes in C57BL/6J mice (Figure 2C).

Lipid peroxidation can be quenched by GPX4,%! a well-known
negative regulator of ferroptosis.>? Persistently high expression
of GPX4 in A/J mice was observed with immunohistochemistry
(Figure 3A). Immunoblotting showed that A/J mice but not C57BL/6J
mice can sustain high expression of GPX4 after 3-week Fe-NTA
treatment (Figure 3B). Cystine-glutamate antiporter (xCT), encoded
by Slc7A11, is an important regulator of GPX4.%2 The high expression
of xCT was observed in A/J mice after 3-week Fe-NTA treatment but
not in C57BL/6J mice (Figure 3C).

3.3 | Transferrin receptor is downregulated in A/J
mice after subacute renal injury

To further study the responsible molecular mechanism for suscep-
tibility to renal carcinogenesis, we explored the alteration of iron
metabolism-associated genes. TfR1 is a major receptor for iron-
loaded transferrin, regulating cellular iron intake.® TfR1 expression
decreased in both strains after 3-week Fe-NTA administration,
with significantly lower expression in A/J mice than in C57BL/6J
mice (Figure 4A). This was confirmed both by mRNA measurement
(Figure 4B) and immunohistochemistry (Figure 4C).

Kidneys play an essential role in preventing iron loss and mon-
itoring iron status in the whole body. Iron metabolism in kidneys
is mainly regulated by the iron response element-iron regulatory
protein (IRE-IRP) system.3® We measured the expression levels of
IRP1 and IRP2 in A/J and C57BL/6J mice after 3-week Fe-NTA treat-
ment via immunoblotting. Notably, we observed higher retained
expression of IRP1 and IRP2 in A/J mice than in C57BL/6J mice
(Figure 4D,E). Megalin-cubilin receptor complex is also an import-
ant iron transporter in the kidney that is highly correlated with TfR1

expression.?34

mMRNA levels of megalin and cubilin were significantly
downregulated in C57BL/6J mice in the 3-week group (Figure 4F,G).
High expression of transferrin was observed in C57BL/6J mice in the
3-week group (Figure 4H). We observed no difference in the expres-

sion of DMT1 between the two strains (Figure S3A).

3.4 | Higher induction of ferritin in A/J mice after
subacute renal injury

Ferritin can store superfluous cellular iron as insoluble Fe(lll) in
protein cores, detoxifying catalytic Fe(ll)® to prevent unnecessary
Fenton reaction.’® Both FTL and ferritin heavy chain (FTH) were
more significantly increased after subacute renal injury in A/J mice
than in C57BL/6J mice (Figure 5A,B), which was consistent with im-
munohistochemical analysis (Figure 5C). Iron staining with Prussian
blue was more prominent in C57BL/6J mice than in A/J mice, espe-
cially in the stroma area (Figure 5D).

3.5 | Both ferroptosis and apoptosis are suppressed
in A/J mice during acute renal injury

We then studied the relationship between iron metabolism and cell
death 3 hours after single Fe-NTA injection. Renal proximal tubules

of C57BL/6J mice presented more damage than was the case in A/J

FIGURE 7 LCN2is proportionally associated with renal tubular ferroptosis induced by ferric nitrilotriacetate (Fe-NTA) in the acute phase.
(A) Histological analysis of renal proximal tubular damage in C57BL/6J wild-type and Lcn2 (-/-) mice. Green dotted lines delineate the region
of renal tubular necrosis. Red arrow heads, pyknosis (bar = 50 pm or 20 pm in each right magnified panel; N = 3). (B) Immunohistochemistry
(IHC) analysis of 4-hydroxy-2-nonenal (4-HNE) (bar = 50 pm, N = 3). (C) IHC analysis of 8-hydroxy-2'-deoxyguanosine (8-OHdG)

(bar = 50 pm, N = 3). (D) IHC analysis of LCN2 (bar = 50 pm, N = 3 for control and N = 4 for 3-h group). (E) Real-time quantitative PCR
(gPCR) analysis of Lcn2 (N = 4, mean + SEM; *P < .05, **P < .01, ***P < .001; ns, not significant)
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mice. Abundant tubular necrosis with nuclear pyknosis as ferrop-
tosis was observed in C57BL/6J mice (Figure 6A). TfR1 expression
was more significantly decreased in A/J mice, whereas there was no
difference in IRP1 and FTH expression (Figure 6B). We previously
reported the increase in catalytic Fe(ll) with RhoNox-1 in the same
acute phase of Fe-NTA-induced renal tubular injury in rats.?> Here
we used RhoNox-4, a more sensitive probe, and found that catalytic
Fe(ll) is significantly higher in C57BL/6J mice than in A/J mice 6 hours
after Fe-NTA administration, confirming that cell death mode in-
cludes ferroptosis (Figure 6C).

LCN2, a siderophore-binding protein, is a sensitive biomarker
for acute renal tubular injury in humans and an iron transporter
in kidneys.?>%” Acute renal tubular injury was significantly re-
versed in C57BL/6J Lcn2 (-/-) mice (Figure 7A), which was con-
firmed with 4-HNE and 8-OHdG immunostaining (Figure 7B,C).
Immunohistochemical staining of LCN2 in proximal tubules
3 hours after Fe-NTA administration in C57BL/6J mice was more
prominent than in A/J mice (Figure 7D). mRNA levels of Lcn2 in
C57BL/6J were 50-fold higher than in A/J mice, indicating higher
acute tubular injury (Figure 7E). However, the GPX4 level was not
altered (Figure S3B).

Cleaved caspase-3, a marker of apoptosis, was significantly in-
creased in C57BL/6J wild-type mice but not in A/J wild-type mice and
C57BL/6J LCN2 (-/-) mice in the 3-h group (Figure S4A,B). Nuclear
fragmentations were confirmed only in C57BL/6J wild-type mice
(Figure S4C). We observed high expression of LCN2 in C57BL/6J mice
from the 3-week group (Figure S4D). However, cleaved caspase-3

was not increased in the 3-week group (Figure S4E).

4 | DISCUSSION

The Fe-NTA-induced renal carcinogenesis model is distinctive in that
wild-type rats acquire somatic mutations frequently found in human
cancers, such as Cdkn2a/2b homozygous deletion.3®3 Notably, the
association of excess iron as carcinogenic milieu and Cdkn2a/2b ho-
mozygous deletion is well known.”*¢ This deletion-type mutation
permanently provides cells with apoptosis inhibition and removes
cell-cycle brakes. In this study, we have established a difference in
cancer susceptibility for murine strains: the incidence of Fe-NTA-
induced RCC is markedly higher in A/J mice than in C57BL/6J mice.
This was associated with an additional mechanism, ferroptosis re-
sistance. We also included the C3H/HeJ mouse strain for the car-
cinogenesis experiment, in which 36 male mice out of 50 died during
the 3-month Fe-NTA administration period, and 2 mice developed
RCC out of 14 mice (data not shown). With array-based CGH, we
observed Cdkn2a/2b homozygous loss for the first time in a murine
RCC of A/J strain mouse. We believe that this small fraction is asso-
ciated with the species difference between mice and rats/humans.
Mouse genome may require higher integrity than rats/humans for
cell survival, or mouse cells may allow permanent proliferation with
less stringent genomic/expressional alterations than in rats and hu-

mans.*® Deletion of Cdkn2a inhibits cyclin-dependent kinases to

Renal proximal tubular luminal
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FIGURE 8 A schema of difference in ferric nitrilotriacetate (Fe-
NTA)-induced renal carcinogenesis between A/J and C57BL/6J mice

promote DNA replication,?® and TP73 and Arf downregulation can
repress the apoptosis.?’
We hypothesized that cancer susceptibility might be associated

314142 5 catalytic Fe(ll)-dependent regulated necro-

with ferroptosis,
sis*3 accompanying lipid peroxidation, in which a major product is 4-
HNE.** A lipid repair enzyme GPX4*> was more highly expressed in
A/J mice than in C57BL/6J mice in the 3-week group. xCT (SLC7A11),
cystine/glutamate antiporter, by providing GPX4 with its substrate
glutathione, can provide major resistance to ferroptosis.20 Our re-
sults indicate that ferroptosis resistance by counteracting oxidative
stress was inherently observed in A/J strain mice.

Transferrin receptor 1 expression was decreased in the subacute
renal injury experiments, with the decrease being more significant
in the A/J strain. Cellular iron metabolism, including TfR1, is under
the control of the IRE/IRP system,*® a post-transcriptional regu-
lation.*” We observed a contradictory result that there was still a
higher expression of IRP1/IPR2 in A/J mice with a low level of TfR1
mRNA, which may suggest that the total amount or the compart-
mental fraction of iron may be different between A/J and C57BL/6J
strains. Contrary to TfR1, mRNA levels of cubilin and megalin were
higher in A/J mice than in C57BL/6J mice. Megalin and cubilin are
multiligand endocytic receptors that can absorb transferrin iron by
endocytosis in kidney proximal tubule epithelial cells.*® Reciprocal
regulation of TfR1 and cubilin-megalin complex has been reported
in proximal tubules.? After releasing iron, holo-transferrin will be
apo-transferrin, which is recycled and redistributed on plasma mem-
brane.*? Intriguingly, when the cubilin and megalin become the main

iron receptor, apo-transferrin will be directly sent to lysosomes for
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degradation, instead of being recycled, to repress the iron import,48
which is consistent in our results in A/J mice. A/J mice may have a
more efficient mechanism to control iron import to prevent excess
iron-mediated renal tubular damage.

Increased ferritin can store insoluble Fe(lll) by oxidizing catalytic
Fe(ll) to protect the host from excess iron,’® thus preserving iron
safely in ferritin.3® Further, Prussian blue staining, detecting mainly
insoluble Fe(lll) in lysosomes, including hemosiderin,** is increased in
C57BL/6J mice, indicating a higher level of iron overload in C57BL/6J
mice than in A/J mice. Thus, high expression of ferritin under less iron
overload is another ferroptosis resistance mechanism in A/J mice.

An acute 3-h study provided us with similar results. More severe
renal tubular damage and relatively high expression of TfR1 were
observed in C57BL/6J mice in the 3-h group. Reportedly, LCN2 in-
creases intracellular iron accumulation and promotes the cellular
level of ROS via mammalian siderophores.?®2 To measure catalytic
Fe(ll) levels in proximal tubular cells, we used a sensitive turn-on
fluorescent probe RhoNox-4. We observed a lower level of cata-
lytic Fe(ll) in A/J mice expressing lower levels of LCN2 and TfR1 in
comparison to C57BL/6J mice. We confirmed that higher LCN2 ex-
pression was correlated with oxidative stress. In Lcn2 (-/-) mice, the
damage of renal tubules and high lipid peroxidation was reversed,
indicating that LCN2 deficiency can alleviate Fe-NTA-induced oxida-
tive renal tubular injury. LCN2 is captured by megalin and degraded
in proximal tubular cells but not recycled.34’53 Our results in A/J mice
are consistent with this reciprocal association between LCN2 and
megalin. Taken together, low levels of TfR1 and LCN2 contribute to
ferroptosis resistance in A/J mice.

LCN2 induces apoptosis in cardiomyocytes with iron accumula-
tion.>? Caspase-3, as a marker of apoptosis,54 was highly expressed
in C57BL/6J wild-type mice 3 hours after Fe-NTA injection but not in
A/J wild-type mice and C57BL/6J Lcn2 (-/-) mice. We assume that
oxidative stress by catalytic Fe(ll) increased DNA damage and trig-
gered the cascades of apoptosis in C57BL/6J mice.>>>® Of note, this
caspase activation was not observed in the 3-week group, suggest-
ing that apoptosis is a minor acute event.

The present study has some limitations. C57BL/6J are more
sensitive to i.p. Fe-NTA injections, as described. The carcinogene-
sis experiments were designed under a concept of maximal toler-
ated exposure, resulting in different protocols for the two strains
(C57BL/6J, 3-5 mg iron/kg of Fe-NTA for 12 weeks; A/J at the pres-
ent study, 5-7 mg iron/kg of Fe-NTA for 12 weeks).

In conclusion, ferroptosis resistance is a key factor to deter-
mine susceptibility to iron-induced renal carcinogenesis. After
Fe-NTA exposure, A/J mice can maintain an appropriate level of
oxidative stress to induce oxidative DNA damage without exces-
sive ferroptosis at an early stage, eventually leading to a high inci-
dence of RCC (Figure 8). In this sense, A/J mice are a better model
for genetic research of iron-induced renal carcinogenesis than
C57BL/6J mice. Further studies are warranted on the application
of the present murine data for human cancer prevention, where
carcinogenic exposure is much longer but presumably lighter. We

also have to consider the possibility that cancer resistance may

Cancer Science R uiis aax

have a trade-off effect on other pathologies, such as infection
susceptibility.
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