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Abstract: Epithelial ovarian cancer (EOC) is the most common cause of gynecological cancer death. Recent studies
have reported that iron overload could accelerate cancer progression. TFRC is an important participant in intracel-
lular iron transport, and we noticed that it was abnormally overexpressed in EOC; however, its specific role in EOC
remained unclear. Therefore, our study aimed to reveal the clinical significance and biological function of TFRC in
human EOC. First, we detected dramatically increased TFRC expression in EOC tissues, which was associated with
a worse prognosis for patients. Subsequently, we verified that TFRC knockdown significantly inhibited the prolifera-
tion and metastasis of EOC cells (SKOV3 and A2780) in vitro and in vivo. More significantly, we demonstrated that
TFRC-mediated proliferation and metastasis of EOC cells resulted from its positive regulation of AXIN2 expression. In
conclusion, our findings suggest that TFRC accelerates the progression of EOC by promoting cancer cell proliferation
and metastasis via upregulation of AXIN2 expression, which highlights its potential as a novel therapeutic target for

human EOC.
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Introduction

Ovarian cancer is currently the leading cause of
gynecological malignancy-related deaths due
to its propensity to recur and metastasize [1-3].
Epithelial carcinomas account for 90% of all
ovarian cancer cases [1]. Despite advances in
treatment, the 5-year survival rate of epithelial
ovarian cancer (EOC) remains at 46% [4].
Accordingly, further elucidation of the molecu-
lar mechanism of EOC progression will contrib-
ute to the exploration of novel effective thera-
peutic strategies.

Recently, some research has indicated that
iron levels in ovarian cancer patients are abnor-
mally upregulated, and relevant clinical studies
have reported that continuous iron stimulation
is a notable risk factor for ovarian cancer and
that a low-iron diet could effectively inhibit
tumor growth [5-7]. More importantly, further
evidence has demonstrated that iron overload
can induce tumorigenesis and accelerate can-
cer progression [8-11].

The transferrin receptor (TFRC), also known as
CD71, is an essential membrane protein regu-
lating intracellular iron transport [12, 13].
Although several reports have documented
abnormal TFRC overexpression in some human
tumors, such as anaplastic thyroid carcinoma
and astrocytic brain tumor [14, 15], the expr-
ession pattern and the molecular mechanism
of TFRC in EOC has not yet been definitely
elucidated.

In this study, we first found that TFRC expres-
sion was significantly increased in human EOC
tissues, especially in metastases, and this over-
expression of TFRC was directly associated with
poor prognosis. Then, we established stable
TFRC-knockdown EOC cell lines (SKOV3 and
A2780) for both in vitro and in vivo experi-
ments. Our results demonstrate that TFRC
knockdown suppressed EOC cell proliferation,
migration and invasion in vitro and inhibited
tumor growth and metastasis in vivo. Moreover,
our research further indicated that TFRC pro-
moted EOC cell proliferation and migration by
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Table 1. Primer, shRNA and siRNA sequences and
their targets

Target Sequence
B-actin Forward 5’-CCTGGCACCCAGCACAAT-3’
Reverse 5-GGGCCGGACTCGTCATAC-3’
TFRC Forward 5-GGCTACTTGGGCTATTGTAAAGG-3’
Reverse 5’-CAGTTTCTCCGACAACTTTCTCT-3’
AXIN2 Forward 5’-AGCCAAAGCGATCTACAAAAGG-3’
Reverse 5’-AAGTCAAAAACATCTGGTAGGCA-3’
sh1-TFRC Forward 5’-GCCCAGAUGUUCUCAGAUATT-3’
Reverse 5’-UAUCUGAGAACAUCUGGGCTT-3’
sh2-TFRC Forward 5’-GGCCAGCAAAGUUGAGAAATT-3’
Reverse 5-UUUCUCAACUUUGCUGGCCTT-3’
si1-AXIN2 Forward 5’-GCGUGGAUACCUUAGACUUTT-3’
Reverse 5’-AAGUCUAAGGUAUCCACGCTT-3’
si2-AXIN2 Forward 5’-CCAAGUGUCUCUACCUCAUTT-3’
Reverse 5-AUGAGGUAGAGACACUUGGTT-3’
NC Forward 5-UUCUCCGAACGUGUCACGUTT-3’

Reverse

5’-ACGUGACACGUUCGGAGAATT-3’

positively regulating AXIN2, a molecule that
has been reported to play a crucial role in cell
proliferation and metastasis [16-18]. In sum-
mary, our findings suggest that TFRC promotes
EOC cell proliferation and metastasis via up-
regulation of AXIN2 expression, which acceler-
ates the progression of EOC, highlighting that
TFRC may be a novel therapeutic target for
human OEC treatment.

Materials and methods
Clinical specimen collection

Fresh surgical specimens were collected fr-
om EOC patients during surgery at Xingiao
Hospital (Chonggqing, China). We defined the
epithelial ovarian carcinoma as the tumor tis-
sue and the adjacent non-tumor part of the
ovary from the same patient as the normal tis-
sue. Hematoxylin and eosin (H&E) staining of
these tissues was verified by two separate
pathologists. The tissues were divided into
three parts: one was used for the flow cytome-
try assay, one was preserved in 4% parafor-
maldehyde (Beyotime Biotechnology), and the
rest was frozen in liquid nitrogen. This study
was approved by the Institutional Review Board
of Xingiao Hospital, and informed consent was
obtained from all individuals.
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Cell culture and transfection

The human EOC cell lines (SKOV3 and A2780)
were obtained from the American Type Culture
Collection (ATCC, Manassas, VA, USA) and
were recently authenticated. The cell lines
were cultured in RPMI 1640 (Thermo Fisher
Scientific) supplemented with 10% FBS (Be-
yotime Biotechnology, C0252), 100 IU/mL
penicillin and 100 mg/mL streptomycin (Th-
ermo Fisher Scientific). All cells were incubat-
ed in a humidified atmosphere containing 5%
CO, at 37°C.

TFRC-specific and negative control (NC) short
hairpin RNAs (shRNAs) were packaged into
the lentivirus by OBiO Technology Corp., Ltd.
(Shanghai, China). The AXIN2-specific small
interfering RNAs (siRNAs), NC siRNA, AXIN2
overexpression plasmid and control plasmid
were chemically synthesized by GenePharma
(Shanghai, China). The sequences are listed in
Table 1. Cells were seeded into 6-well plates
and transfected following the manufacturer’s
protocols. After 48 h, the cells were harvested
for subsequent experiments. The efficiencies
were evaluated by gRT-PCR, Western blot and
flow cytometry analyses.

RNA extraction and quantitative reverse tran-
scription PCR (qRT-PCR)

Total RNA was extracted from cells/tissues
using RNAiso Plus (TaKaRa, Tokyo, Japan), and
a cDNA Reverse Transcription Kit (TaKaRa,
Tokyo, Japan) was used to generate high-fidelity
cDNA. Quantitative reverse transcription PCR
was performed with a SYBR Kit (TaKkaRa, Tokyo,
Japan), according to the manufacturer’s proto-
col, to quantify the relative mRNA expression.
The 222 quantification method was used,
and B-actin was used as the normalization
control. The primer sequences are listed in
Table 1.

Western blot analysis

Total protein was extracted using RIPA buffer
(Beyotime Biotechnology) containing 1% prote-
ase inhibitor and phenylmethylsulfonyl fluoride
(PMSF; Beyotime Biotechnology). After block-
ing, the PVDF membranes (Millipore, New Bed-
ford, MA, USA) were incubated overnight at
4°C with the primary antibodies anti-TFRC
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(Abcam, ab8598, 1:100) and anti-B-actin (Cell
Signaling Technology, 3700S, 1:1000). The
next day, after incubation with the appropriate
secondary antibodies, BeyoECL Plus (Beyo-
time Biotechnology) was used to detect the
bands. A Chemilmanger™ 5500 system (Alpha
Innotech, San Jose, CA, USA) was used to visu-
alize the results.

Flow cytometry

To exclude dead cells, Fixable Viability Dye eFlu-
or® (Thermo Fisher Scientific, lot 4333605,
1:1000) was used. Then, the cells were stained
with the following human antibodies: anti-CD45
(BioLegend, clone HI30, lot B203213, 3:100),
anti-TFRC (BioLegend, clone CY1G4, lot B248-
488, 3:100), anti-Ki-67 (BioLegend, clone Ki-
67, lot B227294, 1:20), and anti-AXIN2 (prima-
ry antibody: Abcam, ab32197, 1:50; secondary
antibody: Thermo Fisher Scientific, lot 195-
1988, 1:200). These antibodies were used
according to the manufacturer’s protocol, and
a BD FACSCalibur flow cytometer was used for
flow cytometry analyses.

Immunofluorescence

Frozen tissues were fixed in ice-cold 4% para-
formaldehyde (Beyotime Biotechnology) for 15
minutes and blocked for 20 minutes. Sub-
sequently, the samples were incubated with a
primary antibody against TFRC (Abcam, ab-
8598, 1:200) overnight at 4°C. After three
washes with PBS, the samples were stained
with a secondary antibody (Abcam, ab150113,
1:500) for 30 minutes at 37°C, and the nuclei
were then counterstained with DAPI (Beyotime
Biotechnology). Stained tissues were visualiz-
ed with an Olympus confocal microscope
(Olympus Corp., Tokyo, Japan).

Immunohistochemistry

After deparaffinization, the tissue sections we-
re incubated with boiled citrate buffer for 15
minutes and 3% hydrogen peroxide for 10 min-
utes. After blocking, the sections were incubat-
ed at 4°C overnight with the primary antibodies
anti-TFRC (Abcam, ab84036, 1:200) and anti-
AXIN2 (Abcam, ab32197, 1:200). Then, the
sections were incubated with a secondary anti-
body (Abcam, ab150075, 1:500), and images
were collected by microscopy (Olympus, Tokyo,
Japan). The intensity score (0-3) and the score
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reflecting the percentage of positive cells
(0=0%, 1=1-24.9%, 2=25-49.9%, 3=50-74.9%,
4=75-100%) were multiplied to calculate the
overall IHC score. The intensity of positive ce-
lls was verified by two separate pathologists.
Image-Pro Plus 6.0 software was used to as-
sess the percentage of positive cells.

Cell Counting Kit-8 (CCK-8) assay

Cell Counting Kit-8 (Dojindo, Kumamoto, Japan)
was used for this assay. Cells (3x103/well) were
seeded into 5 individual 96-well plates. For the
first plate, 3 h after seeding, 110 uL of new
complete medium containing 10 yL of CCK-8
solution was added to each well to replace the
previous medium. Two hours later, the absor-
bance at 450 nm was measured with an iIMARK
(Bio-Rad Laboratories Inc., Hercules, CA, USA).
We repeated the protocol at the same time for
the next 4 days.

5-Ethynyl-2’-deoxyuridine (EdU) assay

AniClick™ EdU Andy Fluor™ 647 Flow Cytometry
Assay Kit (GeneCopoeia, Rockville, MD, USA)
was used for this experiment. Cells (2x10°%)
were seeded into each well of 12-well plates.
After 24 h, 30 uM EdU was added to each well.
Four hours later, the cells were harvested,
stained and detected according to the recom-
mended protocol. Flow cytometry (BD Bios-
ciences, San Jose, CA, USA) was performed fol-
lowing the manufacturer’s instructions. Finally,
we analyzed the results with FlowJo software.

Cell cycle assay

After the addition of 1 mL of precooled 70%
ethanol, the cells were incubated at 4°C over-
night. On the second day, we stained cells wi-
th a Cell Cycle and Apoptosis Analysis Kit
(Beyotime Biotechnology) following the manu-
facturer’s protocol. The stained cells were
detected by flow cytometry (BD Biosciences,
San Jose, CA, USA). ModFit LT software was
used to measure the results.

Transwell assay

Mitomycin C (MedChemExpress) at a concen-
tration of 10 pg/mL was used to exclude the
effect of cell proliferation. Twenty-four-well cul-
ture inserts with an 8.0-um pore polycarbonate
membrane (Millipore, Billerica, MA, USA) were
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used. For the migration assay, 5x10* cells were
seeded into the upper chamber with 200 uL of
medium containing 2% FBS, and 800 pL of
medium with 12% FBS was added to the low-
er chamber. Then, the plates were incubated
for 24 h. For the invasion assay, 30 upL of
Matrigel (BD Biosciences, Franklin Lakes, NJ,
USA) was precoated on each filter for 3 h. Cells
(1x10%) were seeded as mentioned above and
then cultured for 48 h. After removing the re-
sidual cells in the upper chamber, the cells
on the lower surface of the membrane were
stained with a 0.1% crystal violet solution.
Five viewing fields were selected randomly by
microscopy (Olympus, Tokyo, Japan), and the
number of stained metastases was assessed
with Image-Pro Plus 6.0 software.

In vivo xenograft experiments

The animal experiments were approved by the
Institutional Animal Care and Use Committee
(IACUC). Five-week-old female BALB/c mice
were purchased from the Chinese Academy of
Medical Sciences (Beijing, China). These mice
were housed in SPF conditions. Xenografts of
tumor cells (2x10°) were generated via subcu-
taneous injection in the right flank of each
mouse. Beginning on the tenth day, the tumor
volume was measured every two days. Tumor
volumes were estimated by measuring the
longest and shortest diameters of the tumors.
On the 18th day, the mice were sacrificed, and
the volumes and weights of the tumors were
obtained. For the tumor metastasis model,
1.5%x10°8 cells were injected intraperitoneally
into each mouse. After 4 weeks, the mice were
sacrificed, and H&E staining of metastases was
verified by two separate pathologists. Tumor
cell metastasis was also monitored with a bio-
luminescence imaging IVIS 200 system (Xeno-
gen Biosciences, Cranbury, NJ, USA).

RNA sequencing (RNA-seq)

Total RNA was extracted and quantified accor-
ding to the manufacturer’s instructions. RNA-
seq libraries of these RNA samples were con-
structed according to the technical protocol.
The final libraries were amplified with phi29
(Thermo Fisher Scientific, MA, USA), and DNBs
were loaded into the patterned nanoarray.
Single-end 50-base reads were generated on
the BGISEQ-500 platform (BGI-Shenzhen,
China). Differentially expressed genes (DEGs)
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were selected according to the criteria of a fold
change >2 and Q value (adjusted P value)
<0.001.

Database analysis

Survival data of EOC patients were obtained
from the Kaplan-Meier plotter (http://kmplot.
com/analysis/) [19] or the PROGgeneV2 prog-
nostic database (http://www.compbio.iupui.
edu/proggene) [20]. Currently, these databas-
es integrate gene expression and clinical data
from various cancer types. The cohorts were
split based on high and low TFRC/AXIN2 expr-
ession. The overall survival rate was analyzed
with an autoselect best cutoff. Relapse-free
survival was analyzed using PROGgeneV2.
TFRC expression data of EOC patients with
metastases in their veins or lymph nodes were
obtained from University of California Santa
Cruz (UCSC) Xena (https://xena.ucsc.edu) [21],
and cohorts were split according to the me-
dian of patients’ TFRC expression. The expres-
sion data of TFRC, AXIN2, Ki-67, PCNA, TWIST
and MMP9 in the same patient cohort we-
re obtained from Gene Expression Omnibus
(GEO) database at the National Center for Bio-
technology Information (http://www.ncbi.nlm.
nih.gov/geo) [22].

Statistical analysis

All data are presented as the mean + standard
deviation (SD), and all experiments were repe-
ated independently at least three times under
the same conditions. Statistical significance
was assessed by performing Student’s t-test,
two-way ANOVA with Tukey’s multiple compari-
son post-test, or Pearson’s correlation coeffi-
cients. Statistically significant P values are in-
dicated as *P<0.05, **P<0.01, ***P<0.001,
and ****P<(0.0001. All statistical analyses
were performed using GraphPad Prism 6.0
(GraphPad Software, Inc., La Jolla, CA, USA).

Results

TFRC is overexpressed in EOC and correlates
with poor prognosis

First, we observed TFRC expression in human
EOC specimens and paired nontumor normal
tissues from a total of 10 patients. The results
of flow cytometry and immunofluorescence
staining revealed that TFRC expression was
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Figure 1. TFRC is overexpressed in EOC and correlates with the prognosis of patients. A, B. Flow cytometry and
immunofluorescence showing TFRC expression in EOC and paired normal ovarian tissues (scale bar, 20 um). C, D.
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Flow cytometry and immunofluorescence showing TFRC expression in metastatic and paired primary EOC tissues
(scale bar, 20 um). E. The overall survival curve and relapse-free survival curve of ovarian cancer patients from the
KM-Plotter and PROgeneV2 websites. F. Data from the UCSC Xena website showed that ovarian cancer patients with
high TFRC expression more commonly experienced metastases in their veins or lymph nodes. G. Positive correlation
between the expression of TFRC and cell proliferation/metastasis markers in ovarian cancer patients from the GEO

database (GSE13876). *P<0.05, **P<0.01, ***P<0.001.

dramatically higher in tumor tissues than in
paired normal tissues (n=10, P=0.0002; Figure
1A and 1B). Further data showed that meta-
static tissues had even higher TFRC expression
(n=8, P=0.0012; Figure 1C and 1D).

Then, to explore the prognostic value of TFRC
in EOC patients, we performed survival analy-
ses and found that high TFRC expression was
strongly associated with a poor overall survival
rate in ovarian cancer patients (Kaplan-Meier
plotter: P=0.0024; PROGgeneV2: P=0.0107;
Figure 1E). The data also showed that TFRC
overexpression was negatively associated with
relapse-free survival time in ovarian cancer
patients (PROGgeneV2: P=0.0378; Figure 1E).
Additionally, online analyses using the UCSC
Xena website revealed that ovarian cancer
patients with high TFRC expression were more
likely to have metastases in their veins or lym-
ph nodes (venous invasion: P=0.0022; lym-
phatic invasion: P=0.0181; Figure 1F). It is
well known that unregulated cell proliferation
and tumor metastasis have a well-established
link to rapid tumor progression and poor prog-
nosis [23]. Therefore, we performed correlati-
on analyses with ovarian cancer data from the
GEO database (GSE13876) to evaluate wheth-
er TFRC is related to cell proliferation and me-
tastasis. The results showed that TFRC expres-
sion was significantly positively correlated with
cell proliferation/metastasis markers (Ki-67,
R=0.5250, P<0.0001; PCNA, R=0.4688, P<
0.0001; TWIST, R=0.5648, P<0.0001; and
MMP9, R=0.4097, P<0.0001; Figure 1G).

Collectively, these findings indicated that TFRC
is a significant prognostic indicator in EOC
patients. Moreover, TFRC involvement in the
progression of EOC probably occurred through
its induction of cancer cell proliferation and
metastasis.

Targeting TFRC in EOC cells suppresses cell
proliferation and inhibits tumor growth

Considering that TFRC was highly expressed in

EOC tissues, we subsequently targeted TFRC to
explore its potential therapeutic value in hu-
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man EOC. Therefore, we generated stable TF-
RC downregulation EOC cell lines by using
two TFRC-specific shRNAs (sh1-TFRC and sh2-
TFRC) lentivirus transfection. Fluorescence mi-
croscopy (Figure 2A) and flow cytometry (Fi-
gure 2B) analyses showed a high transfection
rate of lentiviral vectors. The qRT-PCR (Figure
2C), Western blot (Figure 2D) and flow cytome-
try (Figure 2E and 2F) analyses demonstrated
that the expression of TFRC was successfully
downregulated at both the mRNA and protein
levels in EOC cells.

Consistent with our database findings, the flow
cytometry results of EOC tissues showed that
higher TFRC expression correlated with higher
Ki-67 expression (n=12, P=0.0018; Figure 3A),
which suggested that TFRC might be involved
in EOC cell proliferation. Thus, we subsequently
performed CCK-8 and EdU assays to investi-
gate the function of TFRC on the proliferation of
EOC cells. The CCK-8 assay results revealed
that from the 3rd day, the absorbance (corre-
sponding to viability) was dramatically lower in
TFRC-downregulated cells than in NC cells (Fi-
gure 3B). Furthermore, the EdU-positive cell
rates were markedly decreased in the sh1-TFRC
group compared with the NC group (Figure 3C).
These findings indicated that TFRC knockdown
inhibited the proliferation of EOC cells in vitro.

The cell cycle is closely related to cell prolifera-
tion. Thus, we next examined the effect of TFRC
silencing on the cell cycle progression of EOC
cells. Compared with the NC group, the shil-
TFRC group exhibited a significant increase in
the number of GO-G1 phase cells and a de-
crease in the number of G2-M phase cells for
both SKOV3 and A2780 cell lines (Figure 3D
and 3E). However, there were no significant dif-
ferences in the number of cells in S phase
between the two groups. Together, these data
indicated that TFRC knockdown induced EOC
cell G1 phase arrest and inhibited mitosis to
suppress EOC cell proliferation in vitro.

To assess whether TFRC knockdown influences
EOC cell proliferation in vivo, NC- or sh1-TFRC-
transfected EOC cells were injected subcutane-
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Figure 2. Stable TFRC-knockdown EOC cell lines were established using lentivirus transfection. A. Morphological
images of EOC cells transfected with NC or sh1-TFRC lentiviral vectors: the left shows all cells; the right shows
stable transfected cells (scale bar, 200 um). B. Flow sorting of the abovementioned cells. C. qRT-PCR for TFRC
mRNA expression. D-F. Western blot and flow cytometry showing TFRC protein expression. All experiments were
performed independently at least three times, and the data are expressed as the mean + SD. *P<0.05, **P<0.01,
***pP<(0.001 and ****P<0.0001.
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Figure 3. TFRC knockdown suppresses EOC cell proliferation in vitro and in vivo. A. Flow cytometry for Ki-67 expres-
sion in high TFRC expression tissues (TFRC"€") and paired low TFRC expression tissues (TFRC*") from EOC patients.
B. A CCK-8 assay was performed to evaluate the effect of TFRC knockdown on EOC cell proliferation. C. Cell prolif-
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eration rates were determined by EdU assay. D, E. Cell cycle analysis of the NC- or sh1-TFRC-transfected cells. F, G.
TFRC knockdown in EOC cells inhibited tumor growth in vivo. All experiments were performed independently at least
three times, and the data are expressed as the mean + SD. *P<0.05, **P<0.01, ***P<0.001 and ****P<0.0001.
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Figure 4. TFRC knockdown suppresses EOC cell metastasis in vitro and in vivo. (A, B) A transwell assay was per-
formed to evaluate the effect of TFRC knockdown on EOC cell metastasis (scale bar, 100 ym). (C) TFRC knockdown
in SKOV3 cells inhibited tumor metastasis in vivo. Representative images of the whole body, bowel and liver are
shown in sequence. (D, E) Statistical analysis results of the data obtained in (B) are shown. (F) H&E staining was
performed to confirm the metastatic tumors (scale bar, 1 nm). (G) The metastasis of A2780 cells in vivo was moni-
tored by bioluminescence imaging. Whole-body images of mice and statistical analysis results are shown. (H) Rep-
resentative fluorescence images of the bowel/liver and statistical analysis results are shown. All experiments were
performed independently at least three times, and the data are expressed as the mean + SD. *P<0.05, **P<0.01,

**%p<0.001 and ****P<0.0001.

ously into nude mice. On day 18 after injection,
the mice were sacrificed and analyzed. The
results showed that compared to the tumors in
the NC group, those in the sh1-TFRC group
exhibited apparently reduced volumes and
weights (Figure 3F and 3G). These data indi-
cated that TFRC knockdown in EOC cells sup-
pressed tumor growth in vivo.

Targeting TFRC in EOC cells suppresses cell
migration and inhibits tumor metastasis

Tumor metastasis is another important deter-
minant of cancer prognosis [24]. Accordingly,
we examined the effects of TFRC knockdown
on the migration and invasion of EOC cells. The
transwell assay results revealed that TFRC
silencing led to a noticeable reduction in the
number of migrated and invaded EOC cells
(Figure 4A and 4B). These data indicated that
TFRC knockdown weakened the migratory and
invasive abilities of EOC cells in vitro.

Subsequently, we established a tumor metas-
tasis model by intraperitoneally injecting nude
mice with EOC cells. We obtained results on
day 28 after injection. After injection with
SKOV3 cells, the TFRC-knockdown mice had
fewer metastases than the NC mice, especially
in the bowel and liver tissues (Figure 4C). The
bowel/liver weights and metastatic nodules
were significantly decreased in mice injected
with sh1-TFRC SKOV3 cells (Figure 4D and 4E).
Our H&E staining results confirmed that these
niduses were metastases induced by SKOV3
cells (Figure 4F). Moreover, the biolumines-
cence imaging results revealed that substan-
tial tumor metastasis attenuation throughout
the whole body in mice transplanted with shi-
TFRC-transfected A2780 cells compared to th-
ose transplanted with negative control A2780
cells (Figure 4G). We similarly analyzed the liver
and bowel tissues of these mice. The results
showed that the sh1-TFRC group exhibited
fewer tumor cell metastases (Figure 4H). To-
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gether, these data indicated that silencing
TFRC expression inhibited EOC cell metastasis
in vivo.

Targeting TFRC in EOC cells induces the down-
regulation of AXIN2

To address the underlying molecular mecha-
nism responsible for TFRC-mediated EOC cell
proliferation and metastasis, we used RNA-seq
analysis to compare the gene expression of
NC-transfected and sh1-TFRC-transfected EOC
cells (SKOV3 cell line). There were 311 down-
regulated genes and 249 upregulated genes in
the shl1-TFRC group after TFRC knockdown
(Figure B5A). As these genes were involved in
various cell functions, we performed a function-
al enrichment analysis with the Gene Ontology
(GO) database, and a comprehensive analysis
combining the rich ratio, Q value (adjusted P
value) and gene number showed that changes
in the following cell functions were significantly
enriched: migration regulation (first), prolifera-
tion regulation (fourth) and cell cycle regulation
(tenth) (Figure 5B). We further analyzed the
downregulated genes with functions in cell pro-
liferation and migration and showed that genes
with positive regulation capacity changed more
obviously than those with negative regulation
capacity (Figure 5C). These data were consis-
tent with our previous findings, which indicated
that a loss of TFRC function attenuated cell pro-
liferation and metastasis in EOC. Among the
relevant genes mentioned above, the axis inhi-
bition protein 2 (AXIN2) showed a dramatic
decrease, as evidenced by the heatmap (Fi-
gure 5D). To the best of our knowledge, AXIN2
was an important participant in the regulation
of cell proliferation, migration and other cell
functions [16-18], and AXIN2 was recently re-
ported as an oncogene in several human can-
cers [25-27]. Thus, we ultimately focused on
AXIN2 for further mechanism exploration. How-
ever, this did not rule out the possibility that
TFRC might work via other proliferation/metas-
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Figure 5. TFRC positively regulates AXIN2 expression in EOC. A. A volcano plot from the RNA-seq analysis shows that
the expression of 560 genes was changed (311 downregulated and 249 upregulated) after TFRC knockdown. B.
Gene function enrichment analysis was performed with the Gene Ontology (GO) database. C. Genes positively regu-
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ing AXIN2 mRNA and protein expression in NC- or sh1-TFRC-transfected EOC cells. H. gRT-PCR showing AXIN2 mRNA
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expression in high TFRC expression tissues (TFRC"e") and paired low TFRC expression tissues (TFRC*") from EOC
patients. I. Immunohistochemistry showing AXIN2 protein expression in the abovementioned tissues (scale bar, 200
um) and the statistical analysis results. J. Positive correlation between the expression of TFRC and AXIN2 in ovarian
cancer patients from the GEO database (GSE13876). All experiments were performed independently at least three
times, and the data are expressed as the mean + SD. *P<0.05, **P<0.01, ***P<0.001 and ****P<0.0001.

tasis-related genes shown in the heatmap,
which need more research to verify.

Subsequently, our gRT-PCR and flow cytometry
results regarding EOC cells showed that TFRC
knockdown induced a decrease in AXIN2 ex-
pression at both the mRNA and protein levels
(Figure 5E-G). More importantly, our human
EOC tissue results verified a positive associa-
tion between TFRC and AXIN2 at both the
MRNA and protein levels (Figure 5H and 5I),
and a correlation analysis with GEO data
(GSE13876) also supported this positive asso-
ciation (R=0.3548, P<0.0001; Figure 5J). To-
gether, these data indicated that TFRC knock-
down induced the downregulation of AXIN2,
and the expression levels of TFRC and AXIN2
were closely and positively associated in EOC.
According to the abovementioned results,
AXIN2 might be involved in TFRC-mediated
cell proliferation and metastasis regulation in
human EOC.

TFRC regulates the proliferation and migration
of EOC cells via AXIN2 expression

To validate the role of AXIN2 in EOC, we knock-
ed down AXIN2 expression in SKOV3 and
A2780 cells by using two AXIN2-specific si-
RNAs (si1-AXIN2 and si2-AXIN2) and found that
AXIN2 expression was effectively downregulat-
ed at both the mRNA and protein levels (Figure
6A and 6B). Then, the results of CCK-8, EdU
and transwell assays revealed that the AXIN2-
deficient cells exhibited marked decreases in
cell absorbance (Figure 6C), the EdU-positive
cell rate (Figure 6D) and the number of migrat-
ed cancer cells (Figure 6E). Furthermore, cor-
relation analyses with GEO data (GSE13876)
also revealed that AXIN2 expression was posi-
tively associated with cell proliferation/metas-
tasis markers (Ki-67, R=0.5127, P<0.0001;
PCNA, R=0.2712, P<0.0001; TWIST, R=0.4723,
P<0.0001; and MMP9, R=0.2578, P<0.0001;
Figure 6F), and a survival analysis performed
by Kaplan-Meier Plotter showed that high
AXIN2 expression predicted a poor survival out-
come in ovarian cancer patients (P=0.0014;
Figure 6G).
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Subsequently, the AXIN2 plasmid was employ-
ed to further determine the relationship bet-
ween TFRC and AXIN2. As shown in Figure
7A-D, the mRNA and protein levels of AXIN2
were significantly upregulated in the AXIN2
overexpression (OE-AXIN2) group. Then, the
CCK-8 assay results showed that compared
with the NC and sh1-TFRC groups, the OE-AXIN2
and cotransfection groups had enhanced cell
absorbance (Figure 7E and 7F). The transwell
assay results showed that there were more
migrated cancer cells in the AXIN2-upregulated
groups (Figure 7G and 7H). Overall, these data
suggested that AXIN2 overexpression could
promote EOC cell proliferation and migration
and, more importantly, reverse the inhibition
caused by TFRC knockdown.

Taken together, these findings further con-
firmed that TFRC-mediated proliferation and
metastasis in EOC cells occurred via the expr-
ession of AXIN2 and that AXIN2 might be an
independent prognostic indicator in human
EOC.

Discussion

EOC is the most common type of ovarian can-
cer, and its 5-year survival rate remains low
due to its propensity to recur and metastasize
[1-4]. Accordingly, a better understanding of
the molecular mechanism underlying EOC pro-
gression is urgently needed to facilitate the
development of effective therapeutic strate-
gies. As a crucial membrane protein regulat-
ing intracellular iron transport, TFRC has been
found to be abnormally overexpressed in sev-
eral human tumor tissues [13-15]. However, lit-
tle is known about the specific role of TFRC in
the progression of EOC.

In our study, we observed a noteworthy increa-
se in TFRC expression in human EOC tissues,
which was directly associated with poor prog-
nosis in patients. More importantly, the expr-
ession of TFRC and the levels of cell prolifera-
tion/metastasis-related biomarkers were str-
ongly and positively correlated. These findings
suggested a previously unrecognized conclu-
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Figure 6. AXIN2 knockdown inhibits EOC cell proliferation and migration. A, B. qRT-PCR and flow cytometry for AXIN2
mRNA and protein expression in NC- or si-AXIN2-transfected EOC cells. C. A CCK-8 assay was performed to evaluate
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the effect of AXIN2 knockdown on EOC cell proliferation. D. Cell proliferation rates were determined by EdU assay.
E. A transwell assay was performed to evaluate cell migration ability (scale bar, 100 um). F. Positive correlation
between the expression of AXIN2 and cell proliferation/metastasis markers in ovarian cancer patients from the
GEO database (GSE13876). G. An overall survival curve of ovarian cancer patients from the KM-Plotter website. All
experiments were performed independently at least three times, and the data are expressed as the mean + SD.
*P<0.05, **P<0.01, ***P<0.001 and ****P<0.0001.
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Figure 7. AXIN2 overexpression promotes EOC cell proliferation and migration. A-D. gRT-PCR and flow cytometry for
AXIN2 mRNA and protein expression in NC- or overexpression-AXIN2-transfected EOC cells. E, F. A CCK-8 assay was
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formed to evaluate cell migration ability (scale bar, 100 um). All experiments were performed independently at least
three times, and the data are expressed as the mean + SD. *P<0.05, **P<0.01, ***P<0.001 and ****P<0.0001.

sion that TFRC might play an oncogenic role in
the pathological process of EOC by promoting
the proliferation and metastasis of cancer
cells. Indeed, we subsequently verified that
TFRC knockdown apparently suppressed EOC
cell proliferation, migration and invasion in vi-
tro and inhibited tumor growth and metastasis
in vivo.

Our research next focused on the underlying
target molecule regulated by TFRC in EOC.
AXIN2, which is an intracellular protein encod-
ed by the axis formation inhibitor (AXIN) gene,
has been confirmed to be an important parti-
cipant in the regulation of cell proliferation,
migration and other cell functions [16-18].
AXIN2 was already well known as a tumor sup-
pressor [28, 29]. However, recent studies have
reported that AXIN2 functions as an oncogene
in breast cancer, colorectal cancer and other
cancers [25-27]. More importantly, consistent
with our findings, several studies have noted
that AXIN2 is highly expressed and associated
with poor prognosis in ovarian cancer patients
[30, 31]. According to our findings that there is
a positive correlation between AXIN2 and TFRC
and that the former plays a crucial role in the
development of cancer, we speculated that
TFRC might accelerate EOC progression by
regulating AXIN2. Our current results revealed
that AXIN2 overexpression in ovarian cancer
indicated a poor prognosis in patients and was
positively associated with cell proliferation/
metastasis-related biomarkers. Significantly,
TFRC knockdown induced the downregulation
of AXIN2, and there was a positive correlation
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between TFRC and AXIN2 in both EOC tissues
and cells. In addition, our experimental results
showed that AXIN2 downregulation could sup-
press cell proliferation and migration; con-
versely, its upregulation could promote cell
proliferation and migration and reverse the
attenuated abilities caused by targeting TFRC.
Although the specific mechanism of how TFRC
modulated AXIN2 expression remained unclear
in our present study, we provided a direction for
future exploration of TFRC in human EOC.

In summary, we demonstrated that TFRC is
remarkably overexpressed in EOC and is nega-
tively associated with the prognosis of patients.
TFRC knockdown dramatically suppresses EOC
cell proliferation, migration and invasion in vitro
and inhibits tumor growth and metastasis in
vivo. Additionally, our study further indicated
that TFRC-mediated proliferation and metasta-
sis in EOC cells result from its positive regula-
tion of AXIN2 expression. Taken together, all of
our findings suggest that TFRC is a significant
indicator of prognosis in EOC, and its future
development as a potential novel therapeutic
target in human EOC seems promising.
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