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Abstract
Background: Iron depletion may be a novel therapeutic strategy for cancer. As an oral iron chelator,
deferasirox (DFX) is expected to become an anticancer agent. This study aimed to assess the effects of
DFX on cervical cancer.

Methods: The effects of DFX on cellular iron metabolism, cell viability, cell cycle and apoptosis, and cell
invasion were assessed in two cervical cancer cell lines. The effects of DFX on the expression of cell
cycle regulators cyclin D1, cyclin E and proliferating cell nuclear antigen (PCNA) were examined. The
expression of N-myc downstream regulated gene 1 (NDRG1) and c-myc, and the activation of the
MEK/ERK signaling pathway were investigated. The effect of DFX on tumor burden was assessed using
a murine xenograft model.

Results: DFX decreased the viability of HeLa and SiHa cells, induced cell cycle and apoptosis, and
decreased cell invasion. The expression of NDRG1 was upregulated while that of c-myc was
downregulated. The activation of the MEK/ERK signaling pathway was inhibited by DFX. DFX also
signi�cantly suppressed xenograft tumor growth with no serious side effects, decreased ferritin levels in
nude mice serum, and decreased ferritin heavy chain (FTH) expression in xenograft tumor tissue.

Conclusions: The inhibitory effect of DFX on cervical cancer cells and xenograft tumor growth was
related to its effective depletion of iron in tumor cells. These results demonstrate that DFX has potential
as a therapeutic agent for cervical cancer.

Background
Cervical cancer is the fourth most common cancer in women worldwide, with 85% of cases occurring in
developing countries, where cervical cancer is the leading cause of cancer death in women [1]. The 3-year
to 5-year survival rate from cervical cancer (all stages), for many underdeveloped countries is < 50% [2].
Surgical resection and adjuvant radiotherapy are usually used in the treatment of early cervical cancer
cases. The majority of advanced stage cervical cancer is incurable and ultimately develops recurrences
and metastasis, with subsequent mortality [3]. As such, new therapeutic approaches are needed.

Iron is an essential element that facilitates cell replication, metabolism and growth [4]. Since tumor cells
exhibit an iron-seeking phenotype achieved through dysregulation of iron metabolic proteins, iron
chelators have been shown to inhibit the proliferation of cancer cells and/or induce the apoptosis of
cancer cells from patients with leukemia, hepatocellular carcinoma, pancreatic cancer and
neuroblastoma [5–8]. In clinical studies, the potential bene�t of iron chelators on inhibition of tumor
growth has also been investigated, and promising results have been obtained in patients with leukemia
and neuroblastoma [9, 10]. Simonart et al. demonstrated that deferoxamine (DFO), a standard iron
chelator, has anti-proliferative and apoptotic effects on human cervical carcinoma cells [11]. However, it
fails to prevent the growth of SiHa-induced tumors in mice [12]. A possible explanation for this lack of in
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vivo antitumor activity of DFO could be related to its short circulation half-life, which will limit its clinical
application.

In the present study, we showed the inhibitiory activity of a new oral iron chelator, deferasirox (DFX),
against cervical cancer in vitro and in vivo.

Methods
Cell culture

Human cervical cancer cell lines, HeLa and SiHa, were obtained from American Type Culture Collection
(ATCC, Manassas, VA, USA) and cultured in DMEM (Gibco-BRL, Garlsbad, CA, USA) supplemented with
10% fetal bovine serum and 1% penicillin-streptomycin. Culture medium was changed every 2–3 days
and the cells were sub-cultured when 80% con�uent. All cells were incubated at 37°C in a humidi�ed
atmosphere containing 5% CO2.

Reagents

The antibody for transferrin receptor 1 (TfR1) was purchased from Invitrogen (Carlsbad, CA, USA).
Antibody for FTH was purchased from Abcam (Cambridge, MA, USA). Antibodies against cyclin D1, cyclin
E, proliferating cell nuclear antigen (PCNA), c-myc, p-ERK, ERK, p-c-Raf, and p-MEK1/2 were obtained from
Cell Signaling Technology (Danvers, MA, USA). Antibody for N-myc down-stream-regulated-gene 1
(NDRG1) was purchased from Proteintech (Wuhan, China). All secondary antibodies used for western
blotting and immunohistochemistry were purchased from KPL (Gaithersburg, MD, USA). Cell counting kit-
8 (CCK-8) was purchased from MCE (Princeton, NJ, USA). PE Annexin V Apoptosis Detection Kit I was
purchased from BD Biosciences (San Diego, CA, USA). Propidium iodide (PI) buffer was purchased from
Invitrogen (Carlsbad, CA, USA). DFX was obtained from Novartis (Basel, Switzerland). For in vitro studies,
DFX was dissolved in dimethyl sulfoxide at a stock concentration of 100 mM. For in vivo studies, DFX
was dissolved in a sodium chloride solution (0.9% w/v; CSPC PHARMA. Shijiazhuang, Hebei, China).

Serum parameters

Mouse serum ferritin levels were measured by the enzyme-linked immunoassay method (Mouse Ferritin
ELISA kit, Kamiya Biochemical Company, Seattle, WA, USA). Other mouse serum parameters were
analyzed by the Laboratory Department of Xingtai People’s Hospital. White blood cells (WBC), red blood
cells (RBC), hemoglobin and platelets were analyzed using multiparameter automated hematology
analyzers (Sysmex xs-500i, Sysmex Corporation, Kobe, Hyogo, Japan). Serum biochemistry, including
total protein, albumin, alanine transaminase, aspartate transaminase, alkaline phosphatase, and blood
urea nitrogen, were measured using automatic biochemistry analyzer (Hitachi 7600 automatic
biochemical analyzer, Hitachi, Ltd, Tokyo, Japan).

Immunohistochemistry (IHC)
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Para�n-embedded mouse tissue samples were cut into 4 μm sections, which were depara�nized with
dimethylbenzene and rehydrated. For antigen retrieval, the slides were pretreated with 0.01 M citrate
buffer (pH 6.0), prior to being heated in a microwave oven for 15 min. Sections were treated with 3%
hydrogen peroxide to inactivate endogenous peroxidase for 15 min at 25°C, and then incubated with an
FTH rabbit monoclonal antibody (1:250 dilution; Abcam, Inc. Cambridge, MA, USA) overnight at 4 °C.
Subsequently, the sections were incubated with an HRP-conjugated secondary antibody at room
temperature for 30 min. After that, protein expression was visualized using 3.3′-diaminobenzidine
hydrochloride, and these sections were stained with hematoxylin. Sections incubated with goat serum
were used as a negative control. Finally, two senior pathologists who were blinded to the patients’
information evaluated the staining intensity of the sections.

Cell counting kit-8 (CCK-8) assay

Cells were seeded in a 96-well plate (5,000 cells/well) and incubated at 37 °C for 24 h. Increasing
concentrations (0–200 μM) of DFX were then added to each well, and the cells were incubated for 24, 48,
or 72 h. At the end of the culture period, cell viability was determined by the CCK-8 assay according to
the manufacturer’s instructions. The absorbance was measured at 450nm with a hybrid reader (Synergy
H4, BioTek Instruments, VT, USA). Each sample had �ve duplicate wells and was independently
performed in triplicate.

Cell cycle analysis

HeLa and SiHa cells were plated in 6-well plates at 2 × 106/well for 24h. After incubation with DFX (0–
200 μM) for 24h, the cells were incubated in 70% cold alcohol overnight at 4 °C. Subsequently, a total of 1
× 106 cells were resuspended in 500 μL of PBS to which 100 μL RNAse A (Keygen Biotech, Nanjing,
China) and 500 μL PI buffer were added. After incubation in darkness for 30 min at 37 °C, cell cycle phase
distribution was assayed using a Beckman Coulter FC 500 type �ow cytometer (Beckman Coulter, Miami,
FL, USA) and the data were analyzed by multicycle AV for Windows software (Beckman Coulter, Miami,
FL, USA). The results are indicated as mean values from three independent determinations.

Apoptosis analysis

An Annexin -FITC/PI apoptosis kit (Sigma-Aldrich, St. Louis, MO, USA) was used to detect apoptosis in
HeLa and SiHa cells. Cells were cultured as described above and washed with PBS, and then
resuspended in 500 μL binding buffer containing 5 μL Annexin -FITC and 5 μL PI for 30 min in dark
condition at room temperature. Apoptotic cells were detected using a Beckman Coulter FC 500 �ow
cytometer and analyzed using the Expo32-ADC software (Beckman Coulter, Miami, FL, USA). All assays
were performed in triplicates.

Cell invasion assay
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The invasion ability of cells was measured using a Transwell chamber. For the cell invasion assay,
Matrigel (Corning, NY, USA) was place between the upper and lower compartments. Aliquots of cells (1 ×
105 in 200 μL) were seeded in the upper compartment of the 24-well Transwell chamber and incubated in
serum-free medium with 50 μM DFX for 24 h. The lower compartment’s culture medium contained 50 μM
DFX and 10% FBS. After 24 h, cells remaining on the upper surface of the membrane were removed, and
the cells that migrated through the membrane were �xed and stained with crystal violet. Stained cells
were visualized and counted under a light microscope. The assay was performed in triplicate and
repeated three times.

qRT-PCR analysis

Cells were collected, and total RNA was extracted from cells using Trizol reagent (Invitrogen Life
Technologies, Carlsbad, CA, USA) and the cDNA was synthesized by reverse transcription according to the
manufacturer’s protocol using an RT-kit (BioTeke Corporation, Beijing, China). The qPCR analyses were
performed with SYBR Green using BIO-RAD CFX Connect Real-Time System (Hercules, CA, USA). The PCR
conditions were as follows: 10 min at 95°C, followed by 40 cycles of 15 s at 95°C and 60 s at 60°C. The
relative levels of mRNA expression were analyzed by the 2-ΔΔCt method with based on the cycle threshold
(Ct) values using β-Actin as an internal control. PCR was performed using the following primers: NDRG1
forward 5′-TCACCCAGCACTTTGCCGTC-3′ and reverse 5′-GCCACAGTCCGCCATCTT-3′; c-myc forward 5′-
CTCCAGCTTGTACCTG-3′ and reverse 5′-GTTGTGCTGATGTGTGGAG-3′; β-actin forward 5′-
GTCGTCGACAACGGCTC-3′ and reverse 5′-GCACAGTGTGGGTGA-3′. The experiments were repeated a
minimum of three times.

Western blot

HeLa and SiHa cells were lysed in RIPA buffer with protease inhibitors (1 μg/mL aprotinin, 1 μg/mL
leupeptin, and 1 mM phenylmethylsulfonyl �uoride) or phosphatase inhibitors (Phosphatase Inhibitor
Cocktail, Roche). Protein concentration was detected using BCA protein assay kit (Applygen, Beijing,
China). Twenty micrograms of protein was separated on a 12% SDS-PAGE gel and transferred to PVDF
membranes (Roche Life Science, Basel, Switzerland). After blocking the membrane with 5% non-fat milk
for 2 h at room temperature, the targeted proteins were incubated overnight at 4 °C with the following
speci�c primary antibodies: FTH, TfR1, ferroportin 1 (FPN1), cyclin D1, cyclin E, p-ERK, ERK, p-c-Raf
(Ser338), p-MEK1/2, PCNA, NDRG1, c-myc, and β-actin. Thereafter, the membranes were washed and
exposed to peroxidase-conjugated secondary antibodies (anti-rabbit or anti-mouse). Finally, the
membranes were detected with an enhanced chemiluminescence detection kit (Wanleibio, Shenyang,
China). The total density of the protein bands was detected using the LAS4000 System (FujiFilm).

Animal model and DFX administration

Female BALB/c nude mice (18–19 g; 5–6 weeks old) were obtained from Beijing HFK Bioscience CO., LTD
(Beijing, China) (SCXK: 2014-0004). All animals were bred and maintained at the Experimental Animal
Center, Hebei Normal University (Shijiazhuang, China). The animal experimental protocol was established
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according to the ARRIVE guidelines and was approved by the Laboratory Animal Ethical and Welfare
Committee AEWC of Hebei Normal University. Mice were maintained under sterile air�ow conditions and
housed under a 12 h light-dark cycle, routinely fed basal rodent chow, and watered ad libitum throughout
the experiments. In order to induce subcutaneous (s.c.) tumor formation, HeLa cells (1 × 107) were
suspended in 0.5 mL PBS and injected subcutaneously into the right thigh of each mouse. After
engraftment, tumor size was measured every 2 days, and tumor volume (TV) was calculated as follows:
TV (mm3) = (width2 × length) /2.

Approximately 2 weeks after the injection (average tumor volume, 150 mm3), DFX treatment began. The
mice were randomly separated into three groups (n = 8 per group) as follows: the control group, low-dose
(100 mg/kg) DFX-treated, and high-dose (200 mg/kg) DFX-treated groups. The control group (n = 8) was
treated with the vehicle alone (saline solution). The drug was administered by oral gavage every other day
for 3 weeks. The health of the mice was assessed by measuring weight and monitoring behavior. The
tumor volume was measured and calculated three times per week. The tumor inhibition rate (%) was
calculated based on the formula (TV of control group – TV of treatment group)/TV of control group ×
100%. The experiments were terminated if the tumor volume of the control group reached 1500 mm3, or if
the tumor volume of the DFX-treated group coexisted with their host at a stable size. At the end of the
experiment, the mice were anesthetized and exsanguinated by direct cardiac puncture, and blood was
retained for full blood count and biochemical analysis. Tumors were excised and weighed to assess
tumor burden and divided into several samples for IHC.

Data and Statistical Analysis

Values are expressed as mean ± SD. The data were analyzed using SPSS statistical software (version
20.0 for Windows SPSS, Inc., Chicago, IL, USA). The mean difference was determined by Student’s t-test,
one-way ANOVA, and Chi-square tests. Values of p < 0.05 were considered statistically signi�cant.

Results
Effect of DFX on the expression of iron metabolism proteins in cervical cancer cell lines

To assess the ability of DFX to mobilize cellular iron levels, HeLa and SiHa cells were incubated with the
indicated concentrations of DFX (0–200 μM) for 48 h. The protein levels of TfR1 (the receptor of iron
carrier transferrin), FTH (one of the subunits of the cellular iron storage protein ferritin), and FPN1 (the
cellular iron exporter) were measured using western blot. As shown in Figure 1, DFX treatment increased
the protein level of TfR1 in a dose-dependent manner but decreased the protein levels of FTH and FPN1.
This result indicates that DFX reduced the iron levels in HeLa and SiHa cells.

DFX inhibits the viability of cervical cancer cell lines

To examine the anti-proliferative activity of DFX against cervical cancer in vitro, HeLa and SiHa cells were
incubated with indicated concentrations of DFX (0–200 μM) for 0, 24, 48, and 72 h. Cell viability was
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determined by the CCK-8 assay. As shown in Figure 2, the viability showed a slight dose-dependent
decrease after 24 h incubation and a statistically signi�cant reduction in cellular viability after 48 and 72
h of incubation.

DFX arrested the cell cycle at G1 phase in cervical cancer cell lines

To explore the mechanism of the anti-proliferative activity of DFX, the cell cycle was examined by �ow
cytometry. The results are shown in Figure 3a. The percentage of G1 phase cells increased from 47.83%
to 68.19% after treatment with the indicated concentration of DFX (0–200 μM) in HeLa cells. A similar
situation was observed in SiHa cells. To further verify the cell cycle results, we detected the effects of DFX
on the protein levels of key cell cycle regulators such as cyclin D1, cyclin E, and PCNA. As seen in Figure
3b, incubation with DFX (0–200 μM) for 48 h gradually resulted in decreasing amounts of cyclin D1,
cyclin E, and PCNA in both cell lines compared with control cells, thus con�rming that DFX arrested the
cell cycle.

DFX induced apoptosis in cervical cancer cell lines

Furthermore, we investigated the effects of DFX on apoptosis in HeLa and SiHa cells. After treatment with
indicated concentrations of DFX (0–200 μM) for 48 h, the apoptotic cell ratio in HeLa and SiHa cells was
determined by �ow cytometry. Results showed that, compared with control cells, treatment with DFX
increased the ratio of early apoptotic cells from 2.97% to 9.88%, and the ratio of late apoptotic cells from
1.27% to 16.21% in HeLa cells (Figure 4). A similar result was observed in SiHa cells. These data indicate
that DFX inhibits the proliferation of cervical cancer cells by arresting the cell cycle in the G1 phase and
inducing cell apoptosis.

DFX inhibits the invasion ability of cervical cancer cells by upregulating the expression of NDRG1 and
downregulating the expression of c-myc

The effect of DFX on the invasion of cervical cancer cell lines was evaluated using Transwell chambers.
As shown in Figure 5a, DFX signi�cantly decreased invasion of HeLa and SiHa cells by approximately 5-
fold compared with control cells.

NDRG1 is de�ned as a metastasis suppressor and can be downregulated in many types of cancer, and is
thought to be an indication of tumor progression in a variety of cancers [13]. The c-myc gene is ampli�ed
and upregulated in many human tumors and plays an important role in their malignant regulation,
proliferation, and metastasis [14]. The mRNA and protein levels of NDRG1 and c-myc were measured by
RT-PCR and western blot after treatment with 0, 50, and 100 μM DFX for 48 h in HeLa and SiHa cells.
Results showed that DFX signi�cantly increased the mRNA and protein levels of NDRG1 in both cell lines,
while the mRNA and protein levels of c-myc were decreased compared with control cells (Figure 5b and
c). These results demonstrated that DFX inhibits the invasion of cervical cancer cells by regulating the
expression of NDRG1 and c-myc.

DFX inhibits the activation of the MEK/ERK signaling pathway
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It has been reported that the MEK/ERK signaling pathway plays an important role in cancer development
and progression [15, 16]. We further investigated the effect of DFX on the activation of the MEK/ERK
signaling pathway. As shown in Figure 6, HeLa and SiHa cells were incubated with DFX (50 μM) for 0–60
min, and the protein levels of p-Raf, p-MEK, and p-ERK were detected by western blotting. DFX suppressed
the protein levels of p-Raf, p-MEK, and p-ERK in both cell lines after 30 min of treatment, and was most
signi�cant at 60 min compared with the control. These results suggested that DFX arrested cell cycle
progression and inhibited proliferation and invasion of cervical cancer cells by inhibiting the activation of
the MEK/ERK signaling pathway.

DFX inhibited tumor growth of human cervical cancer xenografts in nude mice

The anti-proliferative activity of DFX against cervical cancer was assessed in vivo using HeLa cervical
cancer xenografts in BALB/c nude mice. After 14 days of injection of HeLa cells, no signi�cant
differences were observed in the xenograft tumor volumes and body weights. Engrafted mice (average
tumor volume 150 mm3) were randomly divided into three groups: control, DFX (100 mg/kg), and DFX
(200 mg/kg) groups.

As shown in Figure 7a and b, 100 mg/kg DFX signi�cantly inhibited tumor growth after 24 days of
treatment, compared with the control group. DFX (200 mg/kg) signi�cantly inhibited tumor growth after
14 days of treatment. One week after the end of the treatment (day 42), the tumor volumes decreased by
19.9% and 63.8% after DFX 100 and 200 mg/kg treatment, respectively.

At day 43, all tumors were dissected and measured (Figure 7c and d). The results showed that the weight
of tumors in the 200 mg/kg DFX group was decreased by approximately 40% compared with that in the
control group. Furthermore, there were no serious effects on mice body weight (Figure 7e).

DFX down-regulates serum ferritin levels in nude mice bearing HeLa cell xenografts and inhibits FTH
protein levels in xenografts

We further detected the serum indices in nude mice bearing HeLa xenografts. As shown in Table 1, DFX
(200 mg/kg) signi�cantly decreased serum ferritin levels from 20.29 ± 1.42 to 10.24 ± 1.74 ng/mL,
compared with the control group. Other hematological parameters did not show signi�cant alterations.
Furthermore, DFX signi�cantly reduced the expression of FTH compared with the control group (p < 0.05)
(Figure 8).

Discussion
Iron is required for cell proliferation [17]. Cancer cells have a higher requirement for iron because of their
rapid proliferation [4, 17]. Iron chelators have been used for the treatment of iron-overload disease [18].
DFO and DFX are two licensed iron chelators commonly used for iron-overload disease [19, 20]. DFO has
been reported to inhibit the growth of cervical cancer cells [11], but it failed to prevent the growth of
cervical carcinoma xenografts in mice [12]. DFO cannot be administered orally and has a short serum
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half-life, thus limiting its clinical application [20, 21]. This may be the reason why DFO failed to prevent
the growth of cervical carcinoma xenografts in mice. DFX is an oral iron chelator that has been
successfully used in clinical trials in iron-overload patients [22]. It can be administered orally, with steady-
state concentrations in serum achieved within three days [23]. Previous reports have shown that DFX has
anti-proliferative activity against numerous types of solid tumors and cell culture, such as murine
leukemia, lung tumor, esophageal cancer, pancreatic cancer and hepatocellular carcinoma [24–27, 6, 7].
However, no study has investigated the effects of DFX on cervical cancer. In the present study, we
demonstrated the inhibitory effect of DFX against cervical cancer cells and cervical carcinoma xenografts
in mice for the �rst time.

Increased levels of serum ferritin have been reported in a wide range of malignancies [28, 29]. The levels
of serum ferritin in patients with cervical cancer are elevated [30]. Tissue ferritin in cytosol extracts from
mammary carcinomas showed up to a 10-fold increase in breast cancer [31]. The level of ferritin in tumor
tissues of patients with cervical cancer has not been reported. In the present study, we investigated the
levels of ferritin in the serum and tumor tissues of patients with cervical cancer. Results showed that
serum ferritin concentration in cervical cancer group patients was higher than that in cervical
intraepithelial neoplasia and normal cervical epithelial group patients (Figure S1 a). We also observed
increased FTH protein expression in the tissue sections of patients with cervical cancer (Figure S1 b). The
increase in serum ferritin levels in patients with cervical cancer is in accordance with a previous report
[28–30]. These results con�rmed that the occurrence and development of cervical cancer is related to
changes in iron metabolism.

We then tested the effect of DFX on iron metabolism regulators in cervical cancer cells. Results showed
that TfR1 protein levels were increased, while FTH protein levels were decreased by DFX treatment in the
HeLa and SiHa cervical cancer cell lines in a dose-dependent manner (Fig. 1). This result demonstrates
the iron chelation function of DFX in HeLa and SiHa cells. We also demonstrated the anti-proliferative
activity of DFX in HeLa and SiHa cells in a dose- and time-dependent manner (Fig. 2).

Iron is crucial for cell growth [17]. Iron depletion leads to cell cycle G1/S arrest and apoptosis [32].
Previous reports have shown that DFX arrested the cell cycle at the G0/G1 and S phases in acute myeloid
leukemia cell lines and pancreatic cancer cell lines [6, 7]. DFX also causes apoptosis in proximal tubular
cells, murine leukemia cell lines, and pancreatic cancer cell lines [5, 7, 33]. To investigate the mechanisms
of the anti-proliferative activity of DFX, we examined the effects of DFX on the cell cycle and apoptosis in
HeLa and SiHa cells. We observed that DFX arrested the cell cycle in the G0/G1 phase (Fig. 3a) and
downregulated critical molecules for cell cycle progression, such as cyclin D1, cyclin E, and PCNA, in a
dose-dependent manner (Fig. 3b). Furthermore, we also determined that DFX induced apoptosis in HeLa
and SiHa cells (Fig. 4). These results suggest that the anti-proliferative effect of DFX against cervical
cancer cells is due to cell cycle inhibition by affecting the expression of critical molecules and apoptosis
induction.
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Additionally, migration and invasion are of great signi�cance for effectively controlling tumor
development and reducing mortality in many cancers [34]. NDRG1 and c-myc function as two critical
regulators of cancer cell invasion and metastasis [35–37]. Iron chelators DFO and Dp44mT attenuate
TGF-β-induced migration and invasion in HT29 and DU145 cells [38]. The present study showed that DFX
signi�cantly decreased the invasion of HeLa and SiHa cells, when compared with untreated control cells
(Fig. 5a). Meanwhile, DFX increased the mRNA and protein levels of NDRG1, and decreased the mRNA
and protein levels of c-myc (Fig. 5b and c).

The MEK/ERK signaling pathway regulates cell proliferation, cell cycle, apoptosis, migration, invasion,
and many other biological processes [39–41]. Activation of the MEK/ERK signaling pathway is
associated with tumor occurrence, progression, and metastasis [42, 43]. Thus, we examined the effects of
DFX on the ativation of the MEK/ERK signaling pathway in HeLa and SiHa cells. We found that DFX
reduced the levels of p-ERK in HeLa and SiHa cells in a dose-dependent manner compared with control
cells (Fig. 6). It also inhibited the activation of Raf and MEK, the upstream protein kinases of ERK. The
�ndings of the current study indicate that DFX inhibited proliferation and invasion of cervical cancer cell
lines by inhibiting the MEK/ERK signaling pathway.

Previous studies have demonstrated that DFX suppresses tumor xenografts of murine leukemia cells,
esophageal adenocarcinoma cell lines, and human pancreatic cancer cell lines [25, 7, 41]. We �nally
assessed the ability of DFX to inhibit tumor growth in vivo using a HeLa cell xenograft model in mice.
Results showed that 200 mg/kg DFX signi�cantly inhibited HeLa cell xenografts (Fig. 7a-d). There was no
weight loss in DFX-treated mice compared with controls (Fig. 7e). Meanwhile, the level of serum ferritin
(Table 1) and the expression of FTH in tumor tissue (Fig. 8) decreased signi�cantly in the DFX treatment
group. All mice showed no signs of ill health and apparent adverse effects during the treatment period.
No notable toxicity was found in the tissues of the liver, heart, lung, and intestine in mice treated with DFX
(200 mg/kg) (Figure S2). Liver and renal function tests were normal, and all other hematological
parameters were not signi�cantly altered (Table 1).

Conclusions
Our study is the �rst to demonstrate the inhibitory activity of DFX against cervical cancer in vitro and in
vivo. Our experimental results indicated that DFX inhibits cervical cancer cell proliferation by arresting the
cell cycle and inducing cell apoptosis. Furthermore, DFX suppresses invasion of cervical cancer cells.
These effects appeared to be related to the inhibition of the MEK/ERK signaling pathway. Finally, DFX
suppressed xenograft tumor growth of cervical cancer in vivo without detectable negative side effects.
However, further studies are needed to elucidate the exact mechanisms of the inhibitory activity of DFX
against cervical cancer in vitro and in vivo. The results from the current study suggest that the DFX
treatment strategy can be considered a novel, effective, and safe cervical cancer therapy in the future.

Abbreviations
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DFX, deferasirox; PCNA, proliferating cell nuclear antigen; NDRG1, N-myc downstream regulated gene 1;
FTH, ferritin heavy chain; DFO, deferoxamine; TfR1, transferrin receptor 1; ATCC, American Type Culture
Collection; CCK-8, Cell counting kit-8; PI, propidium iodide; WBC, white blood cells; RBC, red blood cells;
IHC, immunohistochemistry; FPN1, ferroportin 1.
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Figures

Figure 1

Effects of DFX on the expression of TfR1, FTH, and FPN1. HeLa and SiHa cells were incubated with DFX
(0–200 μM) for 48 h. The protein levels of TfR1, FTH, and FPN1 were detected by western blot. β-actin
was used as a loading control. *p < 0.05, **p < 0.01, ***p < 0.001, * vs. Control. The experiments were
repeated three times, and similar results were obtained. The �gure shows representative results.
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Figure 2

Effects of DFX on cervical cancer cell viability. HeLa and SiHa cells were treated with DFX (0–200 μM) for
indicated times. Cell viability was assessed using the CCK-8 assay. The data are presented as the mean ±
SEM (three experiments). *p < 0.05, **p < 0.01, * vs. 24 h group without DFX treatment; &p < 0.05, &&p <
0.01, &&&p < 0.001, & vs. 48 h group without DFX treatment; #p < 0.05, ##p < 0.01, ###p < 0.001, # vs. 72
h group without DFX treatment.
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Figure 3

Effects of DFX on cervical cancer cell cycle. HeLa and SiHa cells were incubated with the indicated
conditions of DFX (0–200 μM) for 48 h. (a) The cell cycle was analyzed by �ow cytometry. (b) The
expression of key regulators of cell cycle cyclin D1, cyclin E, and PCNA were detected by western blot. β-
actin was used as a loading control. *p < 0.05, **p < 0.01, ***p < 0.001, * vs. Control. The experiments
were repeated three times, and similar results were obtained. The �gure shows representative results.
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Figure 4

Effects of DFX on apoptosis of cervical cancer cells. HeLa and SiHa cells were incubated with the
indicated conditions of DFX (0–200 μM) for 48 h. The early and late cell apoptosis ratio was analyzed by
�ow cytometry. *p < 0.05, **p < 0.01, * vs. Control. The experiments were repeated three times, and similar
results were obtained. The �gure shows representative results.
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Figure 5

Effects of DFX on the invasion ability of cervical cancer cells. (a) The invasion ability of HeLa and SiHa
cells was measured by the Transwell assay, as described in Materials and Methods. HeLa and SiHa cells
were incubated with the indicated conditions of DFX (0–100 μM) for 24 h. The mRNA and protein levels
of NDRG1 and c-myc were determined by RT-PCR (b) and western blot (c). β-actin was used as an internal
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control. *p < 0.05, **p < 0.01, ***p < 0.001, * vs. Control. The experiments were repeated three times, and
similar results were obtained. The �gure shows representative results.

Figure 6

Effects of DFX on the activation of the MEK/ERK signaling pathway. HeLa and SiHa cells were exposed
to 50 μM DFX for the indicated times (0–60 min). The protein levels of p-Raf, p-MEK, and p-ERK were
detected by western blot. β-actin was used as a loading control. *p < 0.05, **p < 0.01, ***p < 0.001, * vs.
DFX-untreated cells. The experiments were repeated three times, and similar results were obtained. The
�gure shows representative results.
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Figure 7

Effect of DFX on murine xenograft growth. Tumor xenografts of HeLa cells were generated as described
in Materials and Methods. DFX (100 mg/kg and 200 mg/kg) was orally administered every other day for
3 weeks. (a) Representative images of tumor-bearing mice. (b) Tumor sizes of the three groups. (c)
Representative images of excised tumors from mice. (d) Evaluation of weight of the excised mice tumors
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from each treatment group. (e) The average body weight of mice in each treatment group during the
course of treatment. *p < 0.05, **p < 0.01, * vs. DFX-untreated group.

Figure 8

Effect of DFX on serum ferritin levels in nude mice bearing HeLa cell xenografts and FTH protein levels in
xenografts. Tumor xenografts of HeLa cells were generated as described in Materials and Methods. DFX
(100 mg/kg and 200 mg/kg) was orally administered every other day for 3 weeks. FTH protein levels in
the removed tumors were determined by immunohistochemical analyses. **p < 0.01, * vs. DFX-untreated
group.
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