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Knockdown of ferritin heavy chain (FTH) inhibits the migration of
prostate cancer through reducing S100A4, S100A2, and S100P
expression
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Background: Ferritin plays a key role in the development of prostate cancer (PCa). Our earlier studies
showed that the knockdown of ferritin heavy chain (FTH) suppressed the migration and invasion of the
prostate cancer cell line (PC3). However, the mechanisms behind FTH in the cell migration regulation of
PCa have not been thoroughly investigated.

Methods: Isobaric tags for relative and absolute quantitation ('TRAQ) proteomics was used to analyze the
protein expression in PC3 cells with FTH knockdown by small interfering RNAs and negative control cells.
We subsequently ranked the differentially expressed proteins according to the change in expression. We
further performed Gene Ontology (GO) analysis for the changing-expression protein. Finally, Western blot
analysis was performed to determine the expression of the target protein.

Results: Compared with the negative group, 420 proteins were downregulated, including proteins S100A4,
S100P, and S100A2, while the expression of 442 protein was elevated in FTH-silencing PC3 cells (P<0.05,
fold change >1.2). The mass spectrometry results showing decreased expression of protein S100A4, S100P,
and S100A2 in the cells were further validated by Western blot (P<0.05). Levels of protein S100A4, S100A2,
and S100P were reduced in FTH-silencing PC3 cells (P<0.05, fold change >1.6).

Conclusions: The downregulation of FTH expression reduced the level of protein S100A4, SI00A2, and
S100P, which all play a key role in the migration and invasion of tumor cells. Therefore, it is reasonable to
assume that there are correlations between the expression of the S10044, S100A2, and S100P genes with
FTH. Based on this research, FTH may be a new biomarker for the diagnosis of PCa.
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Introduction

Prostate cancer (PCa) is the deadliest cancer after lung
cancer in men and also has the highest incidence of cancer
worldwide (1). Tissue biopsy is the gold standard for the
diagnosis of the prostate (2), while serum prostate-specific
antigen (PSA) remains the most widely used biomarker
for the management of early PCa (3). Although PSA has
extensive clinical applications, increased PSA levels can
be found in benign prostatic hyperplasia (BPH) and other
diseases (4,5). When the patient’s total prostate-specific
antigen (tPSA) level is in the gray area (4-10 ng/mL),
the diagnostic specificity is only 25-40% and may cause
unnecessary biopsy in some patients (3,5). Therefore, the
development of more sensitive and specific tumor markers
and oncogenes to improve the diagnostic accuracy and
prognosis in PCa is urgently needed.

Serum ferritin, the storage form of iron, is elevated in
many diseases and has emerged as a novel biomarker for
many kinds of cancers (6-10). With a growing number
of studies indicating that ferritin plays a vital role in
oncogenesis, researchers have attempted to use ferritin as
a biomarker for disease detection, therapy monitoring, and
drug resistance surveillance (9,11-14). According to Wang
et al., serum ferritin—binding PSA detection can improve
the diagnostic accuracy of PCa (12). In PCa patients, serum
ferritin is significantly correlated with total PSA (tPSA), free
PSA (fPSA), and fPSA-tPSA ratio, withslight correlations
found in the corresponding BPH controls (15). However,
the role of ferritin in the progress of PCa is still unclear.
Studying the mechanism of ferritin in the progression of
PCa is of great significance for early diagnosis, treatment,
and prognosis.

The S100 protein family, which comprises 21 members,
has a high degree of structural similarity. Nonetheless,
the members are functionally non-interchangeable (16).
This protein family regulates cellular responses through
the function of intracellular Ca2+ sensors and extracellular
factors. An increasing number of studies have shown that
dysregulation of S100 protein expression is a common
event in many human cancers (17). Elevated levels of S100P
were found to be correlated with progression to metastatic
disease. The disorder of S100P is involved in multiple types
of tumorigenesis (18-21). Meanwhile, SI00A4 has been
implicated in invasion and metastasis, and upregulation
of its expression can be seen in a variety of tumor cells,
including in prostate, pancreatic, breast, ovarian, renal,
and brain tumors (22-28). Also, S100A2 was dysregulated
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in prostate and breast cancer and found to have tumor-
suppressing effects (29,30). Moreover, other proteins, like
S100A6 and S100A10 are dysregulated in multiple kinds of
cancers (31-33).

Our earlier studies have found that urinary protein
has potential application value in the diagnosis of PCa.
In particular, ferritin may be useful as a marker for the
differential diagnosis of PCa and BPH (13), and the
decreased expression of ferritin heavy chain (FTH) was
found to significantly reduce the migration and proliferation
of human prostate cancer cells (PC3) (34). Based on our
earlier study and the role of FTH in PCa, we looked to
explore the mechanisms of FTH in tumor cell migration.

To identify the downstream target gene of FTH in
the pathogenesis of PCa, isobaric tags for relative and
absolute quantitation (i'TRAQ) tandem mass spectrometry
was performed to analyze the changes of PC3 cell protein
spectrum after FTH gene knockdown. The results of mass
spectrometry showed that compared with the normal
control (NC) group, 420 proteins were downregulated while
442 proteins were elevated in FTH silenced PC3 cells that
generated by small hairpin (sh) RNA lentiviral transfection
(LV-shFTH). The expression of protein S100A4, protein
S100A2, protein S100P, which are migration-associated
proteins considered to be involved in cell migration and
invasion (18,19,22,25), were reduced. Therefore, we
hypothesized that the low expression of FTH in PC3
cells caused the low expression of S100A4, S100A2, and
S100P. Since these migration-related genes are suppressed,
the process of epithelial-mesenchymal transition (EMT)
transformation would be weakened, subsequently causing
a decrease in cell migration. Our experiments demonstrate
that decreased expression of FTH can induce decreased
expression of S100A4, S100A2, and S100P, and may provide
a theoretical basis for FTH as a new tumor marker for the
early diagnosis of PCa.

We present the following article in accordance with
the MDAR reporting checklist (available at http://dx.doi.
org/10.21037/tcr-19-2852).

Methods
Cell selection and culture

Androgen-independent prostate cancer epithelial cells
(PC3), which are the androgen-independent PCa cells
isolated from human bone metastatic PCa tumor tissues,
were purchased from the National Infrastructure of Cell
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Table 1 The retrieval parameter settings of iTRAQ TMS

Parameter

Value

Enzyme

Static modification

Dynamic modification

Species
Precursor ion mass tolerance
Fragment ion mass tolerance

Max missed cleavages

Trypsin

C carboxyamidomethylation
(57.021 Da)

M Oxidation (15.995 Da);
N-terminal, K, iTRAQ 8 plex

Homo sapiens
+15 ppm
+20 mmu

2

Line Resource (CRL1435, Beijing, China). Stable FTH-
silenced cell lines were generated by LV-shF'TH, while the
negative control group was only infected with empty virus
(NC); both types of cells had already been established in
our laboratory (34). Cells were cultured in F-12 Kaighn
Modification (Gibco) supplemented with 10% fetal bovine
serum (Zhejiang Tianhang Biotechnology Co. Ltd.,
Zhejiang, China), and grown in incubators with 5% CO, at
37 °C. They were digested with 0.05% trypsin (Gibco) for
subculturing.

Protein preparation

An appropriate amount of lysis buffer was added (7M
urea, 2M thiourea, 0.1% CHAPS) to the cell sample, with
vortex mixing (with added protease inhibitor and the ratio
of lysate and protease inhibitor is 50:1), sonication for 60
s, at 30% amplitude. After ultrasonication, the sample was
centrifuged at 12,000 g for 15 min. The supernatant was
extracted, dispensed, with 10 uL. being quantified, and the
rest being frozen at -80 °C. The total protein concentration
was measured by the Bradford protein assay.

iTRAQ analysis of protein expression changes in FTH low
expression PC3 cells

iTRAQ was performed for proteomics measurements
in both LV-shFTH PC3 cells and NC group cells. The
experiment was repeated 3 times for each sample in this
experiment. Data obtained by mass was processed using the
UniProt Homo sapiens database (https://www.uniprot.org/).
The mass spectrometry analysis of iTRAQ was completed
by Thermo Q Exactive mass spectrometry. The original
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mass spectrometry documents were processed by Proteome
Discoverer 1.4, a commercial software manufactured by
Thermo Fisher Scientific (retrieval parameter settings are
shown in 7able I). P values <0.05 and fold change >1.2 were
the standards set to screen the target protein.

Western blot

Cellular proteins were extracted using radio
immunoprecipitation assay (RIPA) lysis buffer, and protease
inhibitors were added to the lysate to protect the proteins.
Anti-FTH polyclonal antibody (ab65080, Abcam), anti-
aS1002/S100A2 (ab109494, Abcam), S100A4 (ab124805,
Abcam), and S100P (ab133554, Abcam) monoclonal
antibodies were diluted as the first antibody in a 1:1,000
ratio. Anti-mouse IgG H&L horseradish peroxidase
(HRP), goat anti-rabbit IgG H&L HRP, and mouse anti-f
actin monoclonal antibodies (Beijing Dingguo Chang
Sheng Company) were diluted to a 1:2,500 ratio. Primary
antibodies and polyvinylidene fluoride (PVDF) membranes
were incubated overnight at 4 °C. The next day, the PVDF
membranes were washed 3 times in phosphate-buffered
saline (PBS) buffer. Then, they were incubated with
secondary antibodies, which were labeled with HRP for
1 h. Target protein bands were determined by enhanced
chemiluminescence, and B-actin was an internal reference to
achieve consistent sample loading per well. Each experiment
was repeated 3 times.

Statistical analysis

We use the mean + standard deviation (SD) to stand
for the data. All data were collected from independent
experiments. Experimental results were statistically analyzed
using GraphPad Prism 6.0 statistical software (GraphPad
Software Inc., La Jolla, CA, USA). SPSS 17.0 software
(IBM Corp., Armonk, NY, USA) was used to detect the
differences between the 2 cell groups, which were assessed
using Student’s ¢-test. P values <0.05 were considered
statistically significant results.

Compliance with ethical standards

Statement of ethics approval

The study did not require ethical approval as it did not
contain any research on human participants or animals. All
participants gave informed consent before participation.
The authors declare that they have no competing interests.
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Figure 1 The differential expression of FTH in LV-shFTH PC3
cells and NC cells. Western blot analysis showing the LV-shFTH
PC3 cells silencing the expression of FTH (P<0.05).
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Figure 2 The differential protein screening. Differential proteins
were screened directly with the z-test. The criteria for screening
were as follows: 1.2 times over the average ratio of the 7-test and a
P value <0.05. Compared with the NC group, 420 proteins were
downregulated while 442 proteins were elevated in LV-shFTH
PC3 cells (P<0.05; ratio >1.2).
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Results
Western blot assay to confirm the effect of FTH-silencing

The cells used in this experiment were FTH-silencing
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PC3 cell lines previously established in our laboratory.
Therefore, the FTH expression of cells was confirmed
by Western blot before the later experiments (Figure 1).
A low level of FTH expression was seen in the LV-
shETH PC3 cells as compared with the cells of the NC

group.

iTRAQ mass spectrometry analysis results

iTRAQ mass spectrometry analysis was used to quantify
changes in protein expression after FTH knockdown
in PC3 cells. The data with P<0.05 and difference ratio
>1.2 were selected for further analysis. Compared
with the NC group, the expression of 420 proteins was
downregulated, while the expression of 442 proteins
was elevated in LV-shFTH PC3 cells, according to mass
spectrometry (Figure 2).

Analysis of the downregulated expression of genes: Gene
Ontology (GO) enrichment

The downregulated proteins were mapped to each term of
the GO database. The result of GO enrichment analysis
is shown in Figure 3; the molecular function (MF) of
the changing genes is shown in Figure 3A; the biological
processes (BP) in which the differential genes were
involved in are shown in Figure 3B and the location of
the changing proteins are shown in Figure 3C. The items
shown in the figures indicate a significance level of less
than 0.05 by Fisher’s exact test in each category. According
to the GO enrichment analysis, metal ion binding and
receptor binding were the top 2 molecular functions most
affected in the changing proteins (Figure 34). The BP of
the differential proteins were included in transport and
signal transduction, among other processes (Figure 3B),
and the cellular component of the differential proteins
was mainly involved in the cytoplasm and membrane
(Figure 3C). These targets are the first screening results
of mass spectrometry and have not been verified by other
experiments.

FTH knockdown was accompanied by the significantly
downregulated expression of S10044, S100A42, and S100P

To further narrow the scope of research, the
downregulated proteins were selected for in-depth analysis.
It was found that the expression of tumor cell migration-
related genes, S100A4, S100P, and S100A2, were reduced
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Figure 3 Classification of differentially expressed proteins based upon their annotations in the database. Distribution of differentially

expressed proteins in terms of (A) molecular functions, (B) BP, and (C) cellular components in downregulated proteins of LV-shFTH cells

compared to NC. The top 2 most affected molecular functions were metal ion binding and receptor binding (A); the BP of the differential

proteins included transport and signal transduction, among other processes (B); the cellular component of the differential proteins were

mainly in the cytoplasm and membrane (C) (P<0.05; ratio >1.2).
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Table 2 The proteins performed down-regulation
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Gene name  Protein name Ratio P value
S100A4 S100 calcium-binding protein A4 (Metastasin) 0.29 <0.05
S100A2 S100 calcium-binding protein A2 0.39 <0.05
S100P S100 calcium-binding protein P (Migration-inducing gene 9 protein) 0.45 <0.05

Sequence: ELPSFLGK

S100-A4
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Figure 4 The peptide fingerprint of protein SI00A4.

significantly (7able 2). Of all the differentially expressed
proteins, the changing degree of S10044, S100A42, and
S100P ranked first, second, and fourth, respectively. The
spectrum peptide fingerprint results of these 3 proteins
correspond to Figures 4-6, respectively. The expression
level of S100A4, S100A2, and S100P was then confirmed
by Western blot. As shown in Figure 7, SI00A4, S100P,
and S100A2 were significantly reduced after FTH
knockdown in PC3 cell lines. These results show that low
FTH expression affected the activity of S100 proteins.

Discussion

The early diagnosis and evaluation of the stage of
progression for prostate cancer are crucial for the
treatment and prognosis of PCa patients. A large number
of researchers are devoted to finding more sensitive and
specific tumor markers for PCa as a supplement to PSA
detection (5,12,35). Recent research has highlighted the fact

that iron metabolism abnormalities exist in prostate cancer
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and that inadequate ferritin acquisition slows down the
growth and invasiveness of cancer cells. Plenty of studies
have been conducted to elucidate how ferritin affects
the development of PCa (9,34,36). For instance, iron-
responsive element-binding proteins (IRPs) were critical for
supporting intracellular iron homeostasis. Researchers also
found that the upregulation of IRP2 in concert with normal
iron regulatory mechanisms could facilitate iron retention
and promote tumor growth in prostate cancer cells (36).
Furthermore, it was found that nuclear transcription factor
Nrf2 could suppress prostate cancer cell viability, migration,
and mitosis through upregulating ferroportin (11).
However, despite these findings, we still have limited
knowledge of the molecular mechanisms behind ferritin
regulation in PCa.

Preliminary analysis of the changing protein expression
in PC3 cells after knocking down FTH by mass
spectrometry and subsequent Western blot analysis further
showed that S100A4, S100A2, and S100P proteins were
significantly reduced in LV-shFTH PC3 cells compared

Transl Cancer Res 2020;9(9):5418-5429 | http://dx.doi.org/10.21037/tcr-19-2852
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Figure 6 The peptide fingerprint of protein S100p.

to NC. These results suggest that the low expression level
of FTH can affect S100 family protein expression. A large
number of studies report that S100 proteins are closely
related to tumor cell migration (19,22,25,37). Many S100
family proteins are involved in cell migration/invasion
and regulating cytoskeletal dynamics, including epithelial-

© Translational Cancer Research. All rights reserved.

mesenchymal transition (EMT), which is a typical process
and involves S100A2, S100A4, SI00A6, S100A7, S100A14,
and S100P (38). Researchers have found that S100A4 is
positively correlated with Zinc Finger E box-binding
protein-1 (ZEB1) and suppressed by E-cadherin. ZEB1
protein takes part in embryonic development and formation
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Figure 7 The validation of the iTRAQ MS data by Western blot. The representative images of the Western blot of 3 downregulated
proteins in the LV-shE'TH PC3 cells compared with those of the NC group. Compared with the NC cells, the expression of the S100A4,
S100A2, and S100P in the LV-shEF'TH cells was significantly reduced (P<0.05).

and is a member of the zinc finger transcription factor
family. Coincidentally, ZEB1 can also influence E-cadherin
expression. Moreover, another study found that the use of
small interfering RNAs reduced the expression of ZEB1 and
subsequently enhanced tumor cell migration and invasive
and proliferative capacity (23). These results inspired
us to use iITRAQ analysis, which revealed that ZEB1 is
downregulated in LV-shFTH PC3 cells (P<0.05, difference
ratio >1.2), for a more specific mechanism of how FTH
affect S100 Protein. Based on the investigations above, a
reasonable assumption can be made that FTH knockdown
weakens cell migration through 3 possible pathways via
the S100 protein: (I) low FTH expression directly acts on
the S100 protein through certain molecular mechanisms;
(II) low FTH expression first affects ZEB1, which then
influences S100 protein expression; (III) both of the above
approaches co-occur. We will try further to elucidate the
specific mechanisms in a future study.

Members of the S100 protein family are abnormally

© Translational Cancer Research. All rights reserved.

expressed in distinct types of tumors, which usually induce
their upregulation. The mechanism related to how the
S100 protein family acts in tumors is complex. Studies
have shown that breast cancers expressing high levels of
S100A4 have a significantly worse prognosis compared to
those negative for S100A4 (39). It has also been found that
the overexpression of SI00A4 may be enough to induce
the development of metastatic phenotypes in human
breast tumor cells. Similarly, S100A4 was discovered to
be overexpressed during the progression of PCa not only
in humans but also in the transgenic adenocarcinoma
of the mouse prostate (TRAMP) mouse model (40,41).
Additionally, SI00A4 accelerates tumorigenesis and invasion
of human prostate cancer through the transcriptional
regulation of matrix metalloproteinase 9 (MMP9) (22). A
study conducted by Bjornland er 4/. also concluded that
S100A4 not only stimulates the motility of tumor cells but
may also exert an effect on tumor invasion characteristics
by affecting the expression of matrix metalloproteinases

Transl Cancer Res 2020;9(9):5418-5429 | http://dx.doi.org/10.21037/tcr-19-2852
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Figure 8 Schematic diagram of the FTH-mediated pathway. FTH knockdown induced a significant reduction in the level of S100A4,

S100A2, and S100P, which participate in EMT. It is reasonable to speculate that the low expression of FTH in PC3 cells causes a decrease in

the expression of the S100 protein family members, which are related to cell migration, accompanied by a decrease in tumor cell migration

ability.

(MMPs) and their endogenous inhibitors, contributing to
metastasis formation (42). Overwhelming evidence shows a
complex relationship between the S10044 gene product and
the cytoskeleton. Investigation on how the S100A4 gene
contributes to cell migration is crucial to further developing
the treatment and prognosis of PCa.

Similar to S100A4, elevated levels of S100P in PCa
were strongly correlated with progression to metastatic
disease. Some researchers modulated S100P levels in
different prostate cancer cells by silencing S100P levels
in 22Rv1 cells and by overexpressing S100P in PC3 cells.
Their results confirmed that overexpression of S100P
could upregulate the expression of androgen receptor and
promote the progression of prostate cancer by promoting
cell growth, while a prominent cytostatic effect was induced
by silencing S100P in 22Rv1 cells (21). Meanwhile, S100P
was found to induce dissociation of nonmuscle myosin II
(NMIIA) filaments leading to a weakening of focal adhesion
sites (FAS), which resulted in a reduction in cell adhesion
and the promotion of cell migration, both of which are
critical in the metastatic cascade (43). Increased expression
of androgen receptor in S100P-overexpressed cells may
promote the progression of prostate cancer by accelerating
cell growth. Also, SI00P can be considered a potential
drug target or chemosensitizing target, and can also be a

© Translational Cancer Research. All rights reserved.

biomarker for invasive, hormone-refractory, and metastatic
prostate cancer (21,35,43). Several studies have explored
the role of S100A2 in the tumor, and intriguingly, have
found 100A2 to have tumor-suppressing effects. Buckley
et al. identified SI00A2 as a BRCA1/p63 coregulated
tumor suppressor gene with roles in regulating mutant p53
stability (44). Another studied showed that knockdown of
S100A2 expression could compromise TGF-B1-induced cell
migration and invasion of Hep3B cells, thus suggesting the
role of S100A2 in mediating TGF-B-induced migration/
invasion of tumor cells (45).

Many studies have indicated that FTH can be a
diagnostic biomarker for PCa, with some asserting that
S§100 family proteins are associated with tumor cell
migration (in vitro) and tumor metastasis (in vivo). The
findings of our research demonstrate that the expression
level of FTH affects S100 family protein expression in PC3
cells (Figure 8). Low expression of FTH in PC3 cells will
cause a decrease in the expression of specific proteins of the
S100 protein family, which are related to cell migration.
Combined with the prelaboratory study on the decline in
the migration ability of FTH knockdown PC3 cells, it is
reasonable to assume that proteins such as S100A4, S100A2,
and S100P are involved in the migration and invasion

ability weakened by FTH knockdown of PC3 cells. These
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findings give us a new perspective on the treatment of PCa:
it may be possible to find modulators to inhibit the effects
of FTH-regulated genes, such as the S100 family, and
inhibiting the migration of PCa cells, thus mitigating the
metastasis and spread of PCa.

Prospect

We believe that FTH might be a novel target in the therapy
of primary and metastatic lesions of the prostate. We will
endeavor to elucidate further the molecular regulatory
mechanism behind the interaction of FTH and the S100
family members. Future experiments, such as those setting
up tumor xenograft models in nude mice, will be taken into
consideration. We will also seek to verify the relationship
between other differentially expressed proteins and ferritin
after FTH knockdown and clarify their effects on PCa cells.
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