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A B S T R A C T   

Ferroptosis induction has been recognized as a novel cancer therapeutic strategy. To effectively apply ferroptosis- 
targeting cancer therapy to individual patients, a diagnostic indicator for selecting this therapeutic strategy from 
a number of molecular targeting drugs is needed. However, to date, methods that can predict the efficacy of 
ferroptosis-targeting treatment have not been established yet. In this study, we focused on the iron metabolic 
pathway to develop a nuclear imaging technique for diagnosing the susceptibility of cancer cells to ferroptosis. As 
a nuclear probe, human transferrin (Tf) was labeled with Gallium-68 (68Ga) using 2-(p-isothiocyanatobenzyl)- 
1,4,7-triazacyclononane-1,4,7-triacetic acid (NOTA) as a chelator (68Ga-NOTA-Tf). Western blot assay and clo
nogenic survival assay with human renal cancer cell lines A498 and 786-O revealed that the protein expression 
level of transferrin receptor1 (TfR1) and sensitivity to a ferroptosis inducer, erastin, were correlated. A cellular 
uptake assay with 68Ga-NOTA-Tf revealed that the cancer cells sensitive to erastin highly internalized the 68Ga- 
NOTA-Tf. Furthermore, treatment with the TfR1 inhibitor ferristatin II reduced the cellular uptake of 68Ga- 
NOTA-Tf, indicating that the intracellular uptake of the probe was mediated by TfR1. These results suggest that 
68Ga-NOTA-Tf can be useful in predicting the sensitivity of cancer cells to ferroptosis inducers.   

1. Introduction 

Therapeutic resistance in cancer remains a serious issue in clinical 
practice. One conceivable cause for therapeutic resistance is that cancer 
cells with genomic instability can easily acquire resistance to drugs 
through adaptive responses, thus reducing therapeutic effects [1,2]. To 
overcome this problem, the development of a novel anticancer strategy 
that induces cancer cell death through a mechanism different from 
existing drugs is an urgent challenge. Recently, the discovery of fer
roptosis, which is a type of cell death induced by iron-dependent lipid 
peroxide accumulation, has attracted attention as a novel cancer therapy 
[3]. Iron is an essential nutrient for mammalian organisms. Its important 
function is to bind with hemoglobin and carry oxygen. Furthermore, 
iron acts as the active center of various biological enzymes such as cy
tochrome p450, which is necessary for drug metabolism, and ribonu
cleotide reductase, which is involved in DNA biosynthesis. On the other 
hand, iron homeostasis in cancer cells is often disrupted, leading to an 

excess accumulation of iron [4]. This is because cancer cells significantly 
increase the uptake of iron for upregulating the iron-dependent enzyme 
ribonucleotide reductase and accelerating their proliferation [5]. In 
other words, cancer cells with excess iron are considered more likely to 
induce ferroptosis than normal cells. Recent studies have demonstrated 
that some tumors were suppressed by the treatment of several ferrop
tosis inducers, indicating that ferroptosis induction may be a useful 
approach for cancer therapy [6,7]. 

Due to the diversity of cancers, the sensitivity to ferroptosis inducers 
is expected to differ depending on the cancer type [8,9]; therefore, 
therapeutic effects are naturally expected to vary among patients. 
However, there is still no method for predicting and monitoring the 
efficacy of ferroptosis-inducing agents. To effectively adapt 
ferroptosis-targeting therapy to individual patients, development of a 
technique for predicting the sensitivity of cancer to therapy is required. 
To date, there are no studies that have established a promising tool for 
predicting ferroptosis sensitivity. Since lipid peroxides are produced by 
intracellular iron as a trigger for ferroptosis, a major iron uptake 
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pathway via transferrin-transferrin receptor (Tf-TfR) complex can be 
considered a key factor for cancer sensitivity to ferroptosis inducers. 
Studies indicate that the serum iron transporter transferrin plays a 
crucial role in ferroptosis induction and the expression level of TfR1 
protein in cancer cells, which is closely correlated with sensitivity to 
ferroptosis-inducers [10,11]. Therefore, we hypothesized that the 
amount of Tf taken up by cells correlates with cancer sensitivity to 
erastin, an inducer of ferroptosis [10]. With the aim of developing a 
prediction method for cancer sensitivity to ferroptosis-inducing drugs, a 
radiolabeled probe that can measure Tf uptake levels in cancers was 
evaluated in this study [12]. 

2. Materials & methods 

2.1. Reagents 

Erastin was purchased from AdooQ Bioscience (Cat. No. A13822, 
Irvine, CA). Ferristatin II (also called chlorazol black) was purchased 
from Tokyo Chemical Industry Co. (Cat. No. C0533, Tokyo, Japan). 
Human apo-transferrin (aTf, Cat. No. T2036) and human holo- 
transferrin (hTf, Cat. No. T0665) were purchased from Sigma-Aldrich 
(St. Louis, MO). The following antibodies were used for western blot
ting: rabbit anti-TfR1 (Cat. No. ab84036, Abcam, Cambridge, UK), 
mouse anti-α-tubulin (Cat. No. T9026, Sigma-Aldrich), mouse anti- 
β-actin (Cat. No. A3854, Sigma-Aldrich), and horseradish peroxidase- 
conjugated anti-rabbit and anti-mouse secondary antibodies (Cat. Nos. 
W401B and W402B, Promega, Madison, WI). 

List of abbreviations 

aTf apo transferrin 
DMSO dimethyl sulfoxide 
EDTA ethylenediaminetetraacetic acid 
68Ga Gallium-68 
GPX4 glutathione peroxidase 4 
HEPES 2-[4-(2-hydroxyethyl) piperazin-1-yl] ethanesulfonic 

acid 
HPLC high-performance liquid chromatography 
hTf holo transferrin 
ICP-AES inductively coupled plasma atomic emission 

spectrometry 
MALDI-TOF-MS matrix-assisted laser desorption-ionization time- 

of-flight mass spectrometry 
NOTA p-isothiocyanatobenzyl-1,4,7-triazacyclononane-1,4,7- 

triacetic acid 
PBS phosphate-buffered saline 
ROS reactive oxygen species 
SDS-PAGE sodium dodecyl sulfate polyacrylamide gel 

electrophoresis 
Tf transferrin 
TLC thin-layer chromatography 
TfR transferrin receptor 
xCT cystine/glutamate antiporter  

Fig. 1. Synthetic pathway for the 68Ga-NOTA-hTf. 
The synthesis of 68Ga-NOTA-hTf was carried out in three reaction steps. Human-apo-transferrin and NOTA were conjugated through an isothiocyanate moiety. 68Ga- 
NOTA-hTf (iron-bound form) was synthesized by reacting 68Ga-NOTA-aTf with an excess amount of ferric citrate. 
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2.2. Conjugation of p-isothiocyanatobenzyl-1,4,7-triazacyclononane- 
1,4,7-triacetic acid (NOTA) to aTf 

The conjugation of NOTA to aTf was performed using the method 
reported by Bhattacharyya et al. [13]. The synthesis scheme for 
gallium-68 (68Ga)-NOTA-transferrin is illustrated in Fig. 1. As the first 
step, NOTA-aTf was synthesized by mixing aTf (1.0 mg/mL) in 0.1 M 
carbonate buffer (pH 9.0) with a 16-fold molar excess of p-iso
thiocyanatobenzyl-NOTA (Cat. No. B-605, Macrocyclics, Inc., Plano, TX) 
in DMSO for 1 h at 37 ◦C. The DMSO concentration was below 5% in this 
reaction mixture. NOTA-aTf was purified and the solvent was replaced 
with phosphate-buffered saline (PBS) (− ) with a PD-10 column (GE 
Healthcare Life Sciences, Buckinghamshire, UK) and an Amicon Ultra 
50K device (Merck Millipore, Burlington, MA). 

2.3. Radiolabeling and hTf formation 

Radiolabeling of 68Ga was conducted according to the method 
described in previous papers [14,15]. 68GaCl3 was eluted from a 
68Ge/68Ga-generator (Galli Eo®, IRE ELiT, Fleurus, Bergium). The 
68GaCl3 solution was evaporated and resolved in 10 μL of 0.1 M HCl. The 
solvent (phosphate buffer) of NOTA-aTf was replaced with 0.1 M 
2-[4-(2-hydroxyethyl) piperazin-1-yl] ethanesulfonic acid (HEPES) (pH 
5.5) using an Amicon Ultra 50K device. The 68GaCl3 solution (c.a. 10 μL) 
was added to the NOTA-aTf solution and adjusted to 1.0 mg/mL with 
0.1 M HEPES buffer. The mixture was incubated at 25 ◦C for 5 min to 
obtain NOTA-aTf labeled with 68Ga (68Ga-NOTA-aTf). After incubation, 
the solvent was replaced with 0.01 M NaHCO3 (pH 7.4) using the 
Amicon-Ultra 50K device. To saturate the 68Ga labeled NOTA-aTf with 
iron completely, 68Ga-NOTA-aTf was reacted with an excess amount of 
FeCl3 (same volume of 2 mM FeCl3 and 40 mM citric acid solution [pH 
7.4]) at 37 ◦C for 30 min [14]. The synthesized 68Ga-NOTA-aTf and 
68Ga-NOTA-hTf were purified with a PD-10 column, and the solvent was 
replaced with PBS (− ) with an Amicon Ultra 50K device. The resultant 
solution was used for the in vitro uptake study. 

The radiochemical purities of 68Ga-NOTA-aTf and 68Ga-NOTA-hTf 
were confirmed by radio-thin layer chromatography (TLC) and high- 
performance liquid chromatography (HPLC) analyses. TLC analysis 
was performed using reversed-phase TLC plates (RP-18 F254 S, Merck 
Millipore) and 0.02 M citric acid- 0.05 M ethylenediaminetetraacetic 
acid (EDTA) (pH 5.0) as the mobile phase. TLC chromatograms were 
obtained by autoradiography (FLA-7000IR; GE Healthcare Life Science, 
Buckinghamshire, UK). Size exclusion HPLC was performed with a 
TSKgel SuperSW2000 column (Tosoh Bioscience LLC, King of Prussia, 
PV) connected to a TSKgel SuperSW guard column (Tosoh Bioscience 
LLC, King of Prussia, PV); phosphate buffer (0.3 M NaCl, 0.01 M phos
phate buffer [pH 7.0]) was used as the mobile phase (flow rate, 0.4 mL/ 
min; wavelength, 280 nm). The chromatograms were obtained using an 
HPLC system equipped with a multi-wavelength UV detector (SPD-20A 
UV/VIS detector, Shimadzu, Tokyo, Japan) and a radioactivity detector 
(Raytest Gabi Star, Straubenhardt, Germany). 

2.4. Number of chelators conjugated with aTf 

Matrix-assisted laser desorption-ionization time-of-flight mass spec
trometry (MALDI-TOF-MS) was performed using an ultrafleXtreme 
(Bruker Daltonics, Bremen, Germany) to examine the number of chela
tors conjugated with aTf. Non-conjugated- and chelator-conjugated aTf 
were desalted using PD Spin Trap G-25 (GE Healthcare Life Science). 
3,5-Dimethoxy-4-hydroxycinnamic acid (Tokyo Chemical Industry Co.) 
at 10 mg/mL in 1:1 acetonitrile/H2O with 0.1% trifluoroacetic acid was 
used as the MALDI matrix. For each sample, measurements were 
repeated four times. The measured mass difference between aTf and 
NOTA-aTf was divided by the mass value of single NOTA, and the 
resulting values represented the average number of NOTA that were 
conjugated to aTf. 

2.5. Iron concentration 

The concentration of transferrin-bound iron was determined by 
multiple inductively coupled plasma atomic emission spectrometry 
(ICP-AES) (ICPE-9000, Shimadzu). Before the ICP-AES measurement, 
each sample (0.5 mg) was pre-digested in 10 mL of 4% ultra-high purity 
nitric acid (KANTO CHEMICAL Co., Inc., Tokyo, Japan) and heated at 
200 ◦C for 20 min using a microwave digestion system (ETHOS-ONE, 
Milestone, Sorisole, Italy). The standard curve was prepared with an iron 
standard solution (AccuStandard Inc., New Haven, CT). 

2.6. Cell culture 

Human renal cancer cell lines (A498 and 786-O cells) were pur
chased from American Type Culture Collection (Manassas, VA). These 
cells were grown in RPMI-1640 medium (Sigma-Aldrich) supplemented 
with 10% fetal bovine serum (CELLect®, MP Biomedicals, Santa Ana, 
CA) and 100 units/mL of penicillin-streptomycin (MP Biomedicals), and 
maintained at 37 ◦C and 5% CO2. 

2.7. Clonogenic survival assay 

The sensitivity of cancers to the ferroptosis inducer erastin was 
evaluated in vitro using a clonogenic survival assay. An appropriate 
number of cancer cells were seeded into 60 mm dishes and incubated in 
5% CO2 at 37 ◦C for 6 h. The cells were adhered to the dishes and treated 
with erastin at the indicated concentrations. After 24 h of erastin 
treatment, the medium was replaced with fresh erastin-free medium. To 
form cell colonies, the cells were incubated for 9 days in a humidified 5% 
CO2 atmosphere at 37 ◦C. The colonies were fixed with methanol and 
stained with Giemsa solution. Surviving colonies containing more than 
50 cells were counted under a microscope (CKX41, Olympus, Tokyo, 
Japan). Each surviving fraction was corrected using the plating effi
ciency of the non-treated control. 

2.8. Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS- 
PAGE) and western blotting 

TfR1 protein expression levels in A498 and 786-O cells were 
analyzed by western blotting. For TfR1 inhibition, cells were cultured 
for 4 h in serum-free medium containing 0–100 μM ferristatin II, after 
which cells were collected. The collected samples were dissolved in RIPA 
buffer (Thermo Fisher Scientific, Carlsbad, CA) containing a protease 
inhibitor cocktail (Roche Diagnostics, Basel, Switzerland) and under
went a repeated freeze–thaw cycle twice. After centrifuging lysed cells at 
15,000×g for 20 min at 4 ◦C, the supernatants were collected as protein 
samples. The protein samples were mixed with Laemmli’s sample buffer 
(Bio-Rad, Hercules, CA), and the mixture was boiled for 5 min. Samples 
were separated using SDS-PAGE and transferred onto a polyvinylidene 
difluoride membrane (Bio-Rad). Protein transfer was performed using a 
Mini Trans-Blot® Cell (Bio-Rad) at 60 V in transfer buffer (25 mM Tris, 
192 mM glycine, and 20% methanol) for 60 min at 4 ◦C. The membrane 
was incubated with specific antibodies diluted with TBST (10 mM Tris- 
HCl [pH 7.4], 0.1 M NaCl, and 0.1% Tween-20) containing 5% skim milk 
(Wako Pure Chemical Industries, Osaka, Japan) overnight at 4 ◦C and 
then incubated for an hour at room temperature. The membrane was 
probed with HRP-conjugated secondary antibodies, and the antibodies 
were detected with an Immobilon® western HRP substrate (Merck 
Millipore). The membrane was scanned using LAS-4000 (Fujifilm, 
Tokyo, Japan) and densitometry analysis was performed using Multi 
Gauge V3.0 software (Fujifilm). 

2.9. Cell uptake assay 

A498 and 786-O cells were plated in 30 mm dishes (2.0 × 105 cells/ 
dish) and incubated overnight at 37 ◦C in 5% CO2. For TfR1 inhibition, 
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the cells were treated with serum-free RPMI-1640 medium containing 
50 μM ferristatin II and were incubated for 4 h at 37 ◦C in 5% CO2. An 
aliquot (0.1 mL) of 68Ga-NOTA-aTf or 68Ga-NOTA-hTf (20 μg/mL 
[2.2–3.1 MBq/mL]) was added to the cells and incubated for an hour. 
After incubation, the media was removed, and cells were washed twice 
with PBS (1.0 mL). The cells were then incubated with 1.0 mL of acidic 
solution (0.1 M glycine, 20 mM acetic acid, pH 4.0) for 1 min to strip 
surface-bound transferrin. Finally, cells were lysed in 1.0 mL of 0.1 M 
NaOH (aq.) to collect internalized activity. Radioactivity in the media, 
wash solution, cell surface, and intracellular fractions were measured 
using a γ-counter (Wizard 2 2480, Perkin-Elmer, Waltham, MA). After 
dividing the radioactivity of the intracellular fraction with the sum of all 
fractions, the data were normalized using the cellular protein amount of 
each sample quantified with a BSA protein assay and represented as % 
internalized activity/mg protein. According to the previous study [16] 
in which the uptake values of 125I-labeled Tf were about 1–3% inter
nalized activity/1 × 106 cells, normalization was performed with one 
mg protein (equivalent to 0.87 × 106 cells for 786-O cells and 1.40 ×
106 cells for A498 cells). 

2.10. Statistical analysis 

All results are expressed as the mean ± standard deviation (SD) from 
at least three independent experiments. Statistical analysis was per
formed using GraphPad Prism 7. Differences in TfR1 protein expression 
levels between the two cell lines were evaluated using Student’s t-test 
(Fig. 2). The statistical significance of erastin cytotoxicity on the two cell 
lines was examined using two-way ANOVA (Fig. 2). Multiple compari
sons of the results of cellular uptake analysis and western blot analysis 
with ferristatin II treatment were performed with a Tukey-Kramer test 
(Figs. 3 and 4). A p-value < 0.05 was considered significant. 

3. Results 

3.1. Synthesis of 68Ga-NOTA-aTf and 68Ga-NOTA-hTf 

The numbers of NOTA conjugated to aTf were measured by MALDI- 
TOF-MS. The average number of NOTA molecules was 2.66 ± 0.22 per 
aTf molecule (n = 3). The amount of iron bound to transferrin was 
measured by ICP-AES. The amount of iron in the 68Ga-NOTA-hTf 

obtained in the present study was 1133.3 μg/g; the amount of iron in the 
aTf (starting material) and hTf (purchased standard) was 90.5 and 
1048.0 μg/g, respectively. The radiochemical yields of 68Ga-NOTA-aTf 
and 68Ga-NOTA-hTf were approximately 70% (Table 1). The radio
chemical purities of 68Ga-NOTA-aTf and 68Ga-NOTA-hTf, analyzed by 
TLC and HPLC, were more than 96% and 92%, respectively. 

3.2. TfR1 protein expression levels and sensitivity of human renal cancer 
cell lines to erastin 

Fig. 2A shows the expression levels of TfR1 protein in human renal 
cancer cell lines (A498 and 786-O) analyzed by western blotting. TfR1 
expression levels in 786-O cells were significantly higher than those in 
A498 cells. The sensitivity of 786-O cells to erastin was also found to be 
significantly higher than that of A498 cells, as revealed by the clono
genic survival assay. The surviving fractions of A498 and 786-O cells 
treated with 10 μM erastin for 24 h were 19.0% and 2.9%, respectively. 
(Fig. 2B). 

3.3. Cellular uptake assay of 68Ga-NOTA-aTf and 68Ga-NOTA-hTf in 
renal cancer cell lines 

The cellular uptake levels of 68Ga-NOTA-aTf and 68Ga-NOTA-hTf 
were evaluated. As shown in Figure 3, 68Ga-NOTA-hTf was highly 
internalized compared to 68Ga-NOTA-aTf in both cell lines (0.60 ±
0.11% vs. 0.32 ± 0.08% in A498, 1.03 ± 0.10% vs. 0.31 ± 0.07% in 786- 
O). The level of internalized 68Ga-NOTA-hTf was significantly higher in 
786-O cells than in A498 cells (p = 0.0021). 

3.4. Relationship of ferristatin II treatment to TfR1 protein expression 
level and 68Ga-NOTA-hTf uptake level of renal cancer cell lines 

TfR1 protein expression levels in A498 and 786-O cells treated with 
various concentrations of ferristatin II were analyzed. Western blot 
analysis showed that 4-h treatment with ferristatin II decreased TfR1 
protein in both cell lines (Fig. 4A). Furthermore, the cellular uptake of 
68Ga-NOTA-hTf was significantly reduced by pre-treatment with 50 μM 
ferristatin II in both cell lines (Fig. 4B). 

Fig. 2. Comparison of TfR1 protein 
expression levels and cytotoxicity of era
stin in two human renal cancer cell lines. 
Western blotting for TfR1 and α-tubulin was 
performed on A498 and 786-O cells. The 
obtained images were analyzed to calculate 
the relative TfR1 expression levels in these 
cell lines. The data is expressed as mean ±
SD (n = 3, *p < 0.01, Student’s t-test) (A). A 
clonogenic assay was performed on A498 
and 786-O cells exposed to erastin. Cancer 
cells were treated with erastin (0–20 μM) for 
24 h. Data is expressed as mean ± SD (n = 3, 
*p < 0.05, two-way ANOVA) (B).   
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4. Discussion 

Recently, ferroptosis has attracted attention as a therapeutic target 
for cancer. Indeed, several ferroptosis inducers attenuate chemotherapy 
and radiotherapy resistance while enhancing their therapeutic effects 
[17–19]. Therefore, ferroptosis-targeting cancer therapy is an effective 
therapeutic strategy that can be used for refractory cancers. However, 
the sensitivity to the ferroptosis inducer erastin varies among cancer cell 
types [8], and suppression of TfR1 by siRNA treatment decreases cancer 
sensitivity to erastin [10]. Moreover, the iron transporter transferrin in 
serum was found to be essential for ferroptosis induction through amino 

Fig. 3. Cellular uptake of 68Ga-NOTA-aTf and 
68Ga-NOTA-hTf in human renal cancer cell 
lines. 
Cell uptake assays of 68Ga-NOTA-aTf and 68Ga- 
NOTA-hTf were performed with A498 and 786-O 
cells. Cancer cells were incubated with 68Ga- 
NOTA-aTf or 68Ga-NOTA-hTf at 37 ◦C for 60 min. 
The internalized activity was calculated as 
described in Materials and Methods and repre
sented as % internalized activity/mg protein. All 
data is expressed as mean ± SD (n = 3, *p < 0.05, 
**p < 0.01, Tukey–Kramer test).   

Fig. 4. Effects of ferristatin II on TfR1 protein expression levels and cellular uptake of 68Ga-NOTA-hTf in human renal cancer cell lines. 
Inhibitory effects of ferristatin II were evaluated by western blot analysis of TfR1 and β-actin expression in A498 and 786-O cells. The obtained images were analyzed 
to calculate the relative TfR1 expression levels in these cell lines. The data is expressed as mean ± S.D. Symbol * denotes p < 0.01 vs. 786-O cells treated with 0 μM 
ferristatin II. Symbol † denotes p < 0.01 vs. A498 cells treated with 0 μM ferristatin II (n = 3, Tukey–Kramer test) (A). Cellular uptake of 68Ga-NOTA-hTf after the 
inhibition of TfR1 expression by ferristatin II treatment was evaluated in A498 and 786-O cells. The internalized activity was calculated by dividing the activity of the 
intracellular fraction by the sum of all fractions. The data is expressed as mean ± SD (n = 3, ‡p < 0.01, Tukey–Kramer test) (B). 

Table 1 
Radiochemical yields and purities of 68Ga-NOTA-aTf and 68Ga-NOTA-hTf.  

68Ga-NOTA-Tf Apo form Holo form 

Radiochemical yield 72.8% 63.5% 
Radiochemical purity (TLC) >98% >98% 
Radiochemical purity (HPLC) >96% >92% 
Protein concentration (μg/mL) 20 20 
Radioactivity concentration (MBq/mL) 3.1 2.2 

The radiochemical purities of 68Ga-NOTA-aTf and 68Ga-NOTA-hTf were 
confirmed by TLC and HPLC analysis. 
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acid starvation [20]. Thus, the relationship between ferroptosis and iron 
metabolic pathways is strongly suggested. In this study, we aimed to 
obtain preclinical data to establish a method for predicting the efficacy 
of ferroptosis-targeting anticancer therapy. We developed a radioactive 
probe targeting TfR1, with 68Ga-labeled human transferrin conjugated 
with NOTA as a metal chelator. There are two forms of transferrin, 
namely aTf and hTf. It is known that iron-bound hTf has a higher binding 
affinity to the receptor than aTf [21]. Therefore, aTf was first conjugated 
with the metal chelator NOTA and then radiolabeled with 68Ga to syn
thesize 68Ga-NOTA-aTf. After radiolabeling, 68Ga-NOTA-aTf was reac
ted with an excess amount of ferric citrate to form 68Ga-NOTA-hTf 
(Fig. 1). 

To clarify the TfR-dependent sensitivity to a ferroptosis inducer, two 
human renal cancer cell lines that showed significant differences in TfR1 
protein expression levels were used in this study (Fig. 2A). The sensi
tivity of TfR1-highly expressed 786-O cells to erastin was significantly 
higher than that of TfR1-low expressed A498 cells (Fig. 2B). This result 
indicates that TfR1 expression levels in human renal cancer cell lines are 
closely correlated with the sensitivity of cancers to the ferroptosis- 
inducer erastin. Notably, the internalized amount of 68Ga-NOTA-hTf 
was significantly higher in 786-O cells than that in A498 cells (Fig. 3). 
68Ga-NOTA-aTf showed limited internalization in both cell lines, indi
cating that iron saturation is necessary for intracellular uptake of radi
olabeled NOTA-Tf by cancer cells. By the treatment of ferristatin II as an 
inhibitor of TfR1 [22], the TfR1 protein expression levels in A498 and 
786-O cells were significantly decreased (Fig. 4A) and the cellular up
take of 68Ga-NOTA-hTf was strongly blocked (Fig. 4B). These results 
confirm the specificity of 68Ga-NOTA-hTf to TfR1. Taken together, our 
study provides the first evidence suggesting that 68Ga-NOTA-hTf could 
predict cancer sensitivity to the ferroptosis-inducer erastin. 

In this study, 68Ga nuclide was used for radiolabeling transferrin 
because 68Ga can be easily obtained from a 68Ge/68Ga-generator. 
Although this positron emission nuclide has recently attracted attention 
as a useful radionuclide for PET imaging, its short half-life may hamper 
the diagnostic imaging of labeled compounds with large molecular 
weights, including transferrin, due to the slow pharmacokinetics of the 
labeled compound. However, NOTA-hTf can be easily labeled with other 
radionuclides with longer half-lives, such as 67Ga and 64Cu. This high 
versatility enables us to evaluate TfR1 function as a prognostic indicator 
for ferroptosis-targeting therapy non-invasively. Further in vivo experi
ments to investigate the correlation of the accumulation of radiolabeled 
NOTA-hTf in tumors with the anticancer effect of the ferroptosis inducer 
are necessary for establishing a diagnostic method of ferroptosis in
duction in cancer with nuclear medicine imaging. In preliminary ex
periments, we performed a distribution assay of 68Ga-NOTA-hTf in a 
786-O/A498 xenograft model. As a result, the accumulation of 68Ga- 
NOTA-hTf in tumors was not significantly different between these cell 
lines (Supplemental Fig 1). This may be because the expression level of 
TfR1 varies even in the same cell line due to the tumor size and intra
tumor heterogeneity. Further detailed investigation of TfR1 expression 
and 68Ga-NOTA-hTf-accumulated regions is warranted. 

In the present study, investigations were performed only in human 
renal cancer cell lines. Thus, it is unclear whether similar results can be 
obtained with cancer cells derived from organs other than the kidney. 
Several reports have shown that the sensitivities of HRAS-mutant can
cers and leukemia cell lines to ferroptosis induction are correlated with 
TfR1 and cellular labile iron pools [10,23,24]. Therefore, it can be hy
pothesized that results similar to those in this study are likely to be 
obtained for further studies on cell types derived from other organs. 

In conclusion, radiolabeled NOTA-hTf may have the potential to 
predict the therapeutic effect of ferroptosis-targeting cancer therapy in 
vitro. By diagnosing the therapeutic effect of ferroptosis-targeting cancer 
treatment using radiolabeled NOTA-hTf in advance, it will become 
possible to provide the best cancer treatment for each patient. 
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