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Summary

Prostate-specific antigen (PSA) has been widely used as the unique serum biomarker for the diagnosis of prostate cancer (PCa).
When PSA is moderately increased (e.g., 4-10 ng/ml), it is difficult to differentiate benign prostatic hyperplasia (BPH) from
cancer. The diagnostic test (i.c., prostate biopsy) is invasive, adding pain and economic burden to the patient. Urine samples are
more convenient, non-invasive and readily available than blood. We sought to determine whether ferritin might be the potential
urinary biomarker in prostate cancer diagnosis. Using two-dimensional electrophoresis (2DE) followed by mass spectrometry
(MS), differentially expressed urinary proteins among patients with PCa, BPH and normal controls were obtained. The ferritin
heavy chain (FTH) gene, ferritin light chain (FTL) gene and protein expression of BPH-1 cells and PC-3 cells were analyzed by
real-time quantitative PCR and Western blotting, respectively. Stable FTH or FTL silenced cell lines were generated by small
hairpin(sh) RNA lentiviral transfection. The function of the cell lines was evaluated by the colony formation assay, transwell
assay, and flow cytometry. Compared with BPH and normal controls, 15 overexpressed proteins, including FTH and FTL, were
identified in the urine of the PCa group. FTH and FTL were also highly expressed in PC-3 cell lines compared with BPH-1 cells.
FTH-silenced cells showed reduced cell proliferation, migration and increased cell apoptosis. FTL-silenced cells showed in-
creased proliferation and migration abilities. There are differences in urinary proteins among patients with PCa, BPH and normal
controls. FTH and FTL play different roles in PCa cells and are potential biomarkers for PCa.
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Introduction

In males, PCa is the most common cancer worldwide and the
second leading cause of cancer-related death [1]. Since the
1990s, experimental studies focused on prostate cancer have
received more attention in our country. Although radical pros-
tatectomy is an effective treatment method, early onset of
prostate cancer is difficult to detect, and symptoms of dysuria
are similar to those of prostatic hyperplasia. PSA has been
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widely used as the unique serum biomarker for the diagnosis
and/or prediagnosis of PCa. However, this value is the subject
of ongoing debates due to the lack of specificity, especially
when PSA is moderately increased (e.g., 4-10 ng/ml) [2]. It is
generally considered that when the serum PSA measurement
is higher than 4 ng/ml, then a prostate biopsy should be per-
formed to confirm the diagnosis. Among men with PSA levels
ranging from 4 to 10 ng/ml, 25-40% will have prostate cancer,
which means that 60-75% of men with PSA levels ranging
from 4 to 10 ng/ml will undergo unnecessary biopsies [3]. As
a result, many researchers are working on new potential bio-
markers and the molecular pathogenesis of PCa.

In 2004, Rembert et al. [4] eparated nearly 1400 protein
spots using two-dimensional electrophoresis (2DE) and iden-
tified 150 distinct proteins among 420 spots by mass spec-
trometry. Using high-resolution LTQ-FT and LTQ-Orbitrap
mass spectrometers, Adachi et al. identified 1534 proteins in
normal human urine [5].

Ferritin is the major intracellular iron storage protein and is
essential for maintaining the cellular redox status. Ferritin is a

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10637-018-0709-3&domain=pdf
http://orcid.org/0000-0001-5166-6804
mailto:zhangman@bjsjth.cn

936

Invest New Drugs (2019) 37:935-947

hollow, spherical-structured protein composed of 24 subunits
[6]. These 24-mers consist of two gene products: H-ferritin
and L-ferritin. Each subunit folds into four helical bundle
structures. FTH and FTL share an amino acid sequence ho-
mology of 50-56% and are similar in size, but they exhibit
distinct functions. The H-ferritin subunit exhibits ferroxidase
and antioxidant activity, which converts toxic ferrous ions into
less toxic ferric ions. The L-ferritin subunit has no iron oxi-
dase activity, but it can modify the microenvironment to pro-
mote the long-term storage of iron and provide an effective
site for the formation of iron nuclei, promoting iron nucleation
and mineralization. It is also possible that the presence of FTL
promotes the turnover rate of FTH ferroxidase activity centers
[7]. Clinically, elevated serum ferritin is associated with in-
flammatory responses such as cancer and autoimmune dis-
eases [8]. In addition, high levels of serum ferritin are also
associated with a poor prognosis of the disease [9].
Therefore, not only can ferritin participate in the transport
and recycling of iron but also as a biomarker for disease diag-
nosis and prognosis.

At present, a large number of clinical and epidemiological
studies have found that the increase of ferritin in vivo may be
related to the development of liver cancer, lung cancer, colon
cancer, esophageal cancer, gastrointestinal cancer, pancreatic
cancer and breast cancer. When the measured AFP value is
low in particular, the ferritin value can be measured as a sup-
plement to improve diagnostic efficiency in liver cancer [10].
Ferritin levels are higher in most tumor tissues than normal
tissues. In recent years, ovarian cancer, breast cancer and liver
cancer have been the most studied tumors. Previous work in
our laboratory has also suggested that ferritin may serve as an
important diagnostic indicator of prostate cancer [11]. Here
we compared FTH and FTL gene and protein expression in
a prostate cancer cell line (PC-3) and a benign prostatic hy-
perplasia cell line (BPH-1) to confirm their effects. To explore
the functions of FTH, FTL in the pathogenesis of prostate
cancer, we knocked out the FTH and FTL genes in PC-3 cell
lines and observed the effects on the proliferation, apoptosis,
migration of prostate cancer cells.

Materials and methods
Materials and study population

Androgen-independent prostate cancer epithelial cells (PC-3)
were purchased from the National Infrastructure of the Cell
Line Resource (Beijing, China). Human benign prostate hy-
perplasia epithelial cells (BPH-1) were purchased from the
Germany Deutsche Sammlung von Mikroorganismen und
Zellkulturen(DSMZ)cell bank. The human FTH, FTL gene
shRNA was cloned into the GV248 vector, and its lentivirus
was completed by Shanghai GeneChem Co., Ltd. Shanghai,
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China. The negative control lentiviral vector (5'- TTCTCCGA
ACGTGTCACGT -3') was supplied by Shanghai GeneChem
Co., Ltd. Shanghai, China, and it is not homologous to any
known human genome. Anti-FTH, FTL human polyclonal
antibody, anti-GAPDH human monoclonal antibody and
anti-mouse IgG H&L (HRP) were purchased from Abcam
Corporation in the United States. TRIzol and SYBR Green
fluorescent quantitative PCR kits were purchased from
Beijing Dingguo Chang Sheng Company(Beijing,China),.
The Annexin V-PE/7-AAD apoptosis detection kit was pur-
chased from BD Company. The PI/RNase dye kit was pur-
chased from Invitrogen Company, transwells from Costar
Company, 0.25% trypsin from Genview Corporation, RPMI-
1640 from Gibco Company, fetal bovine serum from Beijing
Dingguo Chang Sheng Company, and puromycin from the
Sigma Company.

The study was approved by the local research ethics
boards. The study included 3 patients with PCa, 3 patients
with BPH, and 3 age-, gender-, and ethnicity-matched healthy
donors who were enrolled at Beijing Shijitan Hospital and
Beijing Friendship Hospital. The diagnosis was established
by the pathology for all PCa and BPH patients. The control
subjects were healthy volunteers with no prior history of can-
cer and without any chronic urinary tract diseases.

Methods
Urinary protein extraction

The first morning midstream voided urine was collected in a
sterile tube from healthy donors and separately from BPH and
PCa patients. Fifty milliliters of each sample from a total of 3
patients with cancer were pooled together. The same process
applied for the urine of normal volunteers and BPH patients.
After centrifugation, the supernatant was used to extract pro-
tein using ice-cold acetone. The detailed protocols are de-
scribed in our previous research'’. The concentration was cal-
culated by Bradford’s methods according to the kit (Sigma-
Aldrich, St. Louis, MO, USA). The protein was aliquoted and
stored at —80 °C until analysis.

2-DE and Mass spectrometric analysis of urinary
proteins

Two-dimensional gel electrophoresis (2-DE) and mass spec-
trometric analysis were performed as described previously in
our laboratory [12]. Briefly, 200 pg protein from each sample
in rehydration buffer was loaded for isoelectric focusing
(IEF). The maximum volume was 450 pul-500 pl.
Solubilized samples were separated using a 24 cm pH 3-10
linear IPG strip for the first dimension. After equilibration, the
IPG gel strip was transferred onto 12% SDS-PAGE vertical



Invest New Drugs (2019) 37:935-947

937

gels for the second dimension. The gels were fixed, stained
with Coomassie brilliant blue G-250 (Bio-Rad) overnight and
destained with deionized water. The PCa, BPH and control
samples were assessed simultaneously and repeated 3 times.
Every stained 2-DE gel was scanned on an images scanner
and analyzed with PDQuest software. Differentially expressed
proteins were excised, in-gel digested with trypsin and
destained with 100 mmol/L NH;HCO;3 in 50% acetonitrile.
After reduction and alkylation, the proteins were digested with
trypsin and 25 mmol/L NH4HCO; at 37 °C overnight. Next,
the digested tryptic peptides were extracted with 5%
trifluoroacetic acid and 50% acetonitrile with 2.5%
trifluoroacetic acid, respectively. Finally, the peptides were
subjected to MS analysis. MALDI-TOF/TOF mass spectrom-
etry analysis was performed using an ABI 4700 Proteomics
Analyzer. Monoisotopic peptide masses were searched in the
IPI human database using MASCOT (Matrix Science) and
GPS Explorer (Applied Biosystems).

Cell culture

Androgen-independent prostate cancer epithelial cells (PC-3)
and human benign prostate hyperplasia epithelial cells (BPH-
1) were cultured in 10% FBS RPMI-1640 medium at 37 °C
and 5% CO2. They were digested with 0.25% trypsin for
subculturing.

Quantitative real-time PCR (qPCR)

Total RNA was extracted from cells using TRIzol reagent
according to the manufacturer’s instructions. The extracted
RNA samples were reverse-transcribed using a reverse tran-
scription kit. SYBR Green fluorescent quantitative PCR kits
were used for PCR analysis. The reactions were performed in
triplicate for each sample in at least three independent runs.
Data were analyzed according to the classic 2~°““" method
and normalized to GAPDH expression in each sample. The
primers used are listed in Table 1.

Western blot

The total protein in treated cells was extracted using RIPA
lysis buffer supplemented with protease inhibitor. The
Western blot system was established using a Bis-Tris Gel sys-
tem and polyvinylidene fluoride (PVDF) membranes accord-
ing to the manufacturer’s instruction. Primary antibodies were
prepared in 5% blocking buffer at a dilution of 1:1000 and
incubated with the membranes at 4°C overnight, followed by
washing and incubation with secondary antibodies conjugated
to horseradish peroxidase for 2 h. The densitometry of the
protein bands was quantified and the values expressed relative
to 3-actin. All experiments were repeated three times.

Generation of stable cell lines

Cells were seeded into 96-well plates at 1 x 10° per well and
incubated for 24 h at 37 °C. After growth to 50% confluence,
either FTH, FTL shRNA construct or control vector were
transfected into PC-3 cells according to the manufacturer’s
protocols, followed by selection with 2 pg/ml puromycin for
2 weeks. Antibiotic-resistant clones were isolated in medium
with 1 pg/ml puromycin. The cells were divided into the con-
trol group (PC-3), negative control group (NC group, with
nonspecific small interfering (shRNA-NC), LV-shFTH-1
group, LV-shFTH-2 group and LV-shFTH-3 group (with the
FTH gene silenced by RNA interference (RNAi 1, RNAi 2,
RNAi 3), LV-shFTL-1 group, LV-shFTL-2 group and LV-
shFTL-3 group (with the FTL gene silenced by RNA interfer-
ence (RNAi 4, RNAi 5, RNAI 6). All siRNA sequences were
synthesized by Shanghai GeneChem Co., Ltd. Shanghai,
China. Sequences of shFTH-1, shFTH-2, shFTH-3, shFTL-
1, shFTL-2, and shFTL-3 are shown in Table 2. RT-PCR and
Western blotting were performed to confirm the knockdown
of mRNA and protein of FTH, FTL in the transfectants.

Colony formation assay

LV-shFTH, shFTL and NC group cells were trypsinized, re-
suspended and inoculated into 6-well plates at densities of 200
cells per well. The medium was replaced every week. Cells
plated in the 6-well plates were incubated for 14 days, and the
formed colonies were fixed with paraformaldehyde and
stained with crystal violet for 20 min, respectively. After
washing the cells with double-distilled water, the clusters were
imaged, and the number of colonies were counted.

Transwell assay

The transwell assay was performed using transwell chambers,
in which 1 x 10* NC cells, LV-shFTH cells or LV-shFTL cells
were seeded in the upper chamber of a 24-well plate with
200 ul medium containing 3% FBS. The lower chamber
was filled with 500 pl medium containing 10% FBS to induce
cell migration. The chamber was incubated at 37 °C for 24 h.
At the end of incubation, the cells on the upper surface of the
membrane were removed with a cotton swab. The cells that
had migrated to the lower surface of the membrane were
stained with crystal violet. Images were obtained using a
CKX41 inverted microscope (Olympus), and the cells were
counted in ten different fields of view using NIH Image] soft-
ware. The experiment was conducted in triplicate.

Flow cytometry

For the detection of apoptosis, infected cells were collected,
washed two times with ice-cold PBS, and resuspended at
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Table 1 The primers used in real-

time quantitative PCR (qQRT-PCR) Gene Forward primer Reverse primer
FTH 5'- CATCAACCGCCAGATCAAC -3’ 5'- GATGGCTTTCACCTGCTCAT -3’
FTL 5'- CAGCCTGGTCAATTTGTACCT -3’ 5'- GCCAATTCGCGGAAGAAGTG -3’
GAPDH 5'- TTTGGTATCGTGGAAGGACT -3’ 5'- AGTAGAGGCAGGGATGATGT -3’

1*#1076 cells/ml in 1 x binding buffer. To 100 pl of the cell
suspension was added 5 pl Annexin V-PE and 5 ul 7-AAD,
followed by incubation at room temperature for 15 min and
addition of 400 ul 1X binding buffer to each tube. Flow cy-
tometry was used to detect the cells after 1 h.

For cell cycle detection, the collected cells were washed
two times with precooled PBS, followed by the addition of
precooled 70% alcohol and an overnight incubation at 4 °C
overnight. The collected cells were washed two times with
precooled PBS, followed by the addition of 0.5 ml PI/RNase
dye. The cells were incubated in the dark for 30 min. Flow
cytometry was used to detect the cells after 1 h.

Statistical analysis

All data collected from independent experiments are
expressed as the mean + standard deviation (SD). Statistical
analyses were performed using GraphPad Prism 6.0 statistical
software (GraphPad Software Inc., La Jolla, USA). The
Student’s t test was used to evaluate differences between the
LV-NC cells and LV-shFTH cells or LV-shFTL cells using
SPSS 17.0 software (IBM Corp., Armonk, NY, USA).
Multiple groups were compared using one-way ANOVA
(one-way ANOVA). A P <0.05 was considered to indicate a
statistically significant result.

Results

Urinary proteomic profiles of normal controls, BPH
and PCa

To increase the quantity of different proteins in urine, urinary
proteins were extracted from pools of three patients’ urine for
each group. The specific information for the patients and sta-
tistical analysis of FCR are presented in Table 3. A pH 3-10
nonlinear IPG strip was used to separate the extracted pro-
teins, followed by 2-DE and CBB staining. We established
the urinary proteomic profiles of normal controls, BPH and
PCa (Fig. 1A-C). More than 1000 spots were detected on the
2-D gel with a molecular weight range from 10 to 100 KDa.
Thirty upregulated protein spots in PCa compared with BPH
and controls were identified by MALDI-TOF mass spectrom-
etry. The positions of the 30 spots were marked on the 2-D gel
profile of PCa (Fig. 1D).
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Identification of 30 overexpressed protein spots
in the PCa groups by MALDI-TOF-MS

To identify individual proteins, the 30 upregulated protein
spots were cut out and subjected to in-gel trypsin digestion.
The PMF maps obtained by MALDI-TOF MS were used for
protein identification. Fifteen different kinds of proteins were
matched, including cytoskeletal protein and related proteins
(spot 5, 24, 30), plasma factor (spot 25), enzyme (spot 28), and
lipocalin proteins (spot 12, 16, 27, 29), membrane proteins
(spot 11, 13), transcriptional correlation factor (spot 8), and
unknown proteins (spot 4, 17, 26). The detailed information
from the database is shown in Table 3.

GO enrichment analysis of differentially expressed
genes

All differential proteins were mapped to each term of the gene
ontology database, the number of proteins for each term was
calculated, and then a hypergeometric test was used to identify
the GO items that were significantly enriched in the differen-
tial proteins. The GO enrichment analysis is illustrated in
Fig. 2. For example, Fig. 2A shows the biological process in
which the differential genes participate, Fig. 2B shows the
molecular function of the differential genes, and Fig. 2C
shows the location of the differential genes. The items shown
in the figure indicate a significance level less than 0.05 by
Fisher’s exact test in each category. GO enrichment analysis
showed that the biological processes of the differential pro-
teins included intracellular sequestration of iron ion and iron
ion transport, among others (Fig. 2A); the molecular functions
were mainly involved in protein binding and identical protein
binding (Fig. 2B); and the cellular component of the

Table 2 The sequences of NC, three shRNA against FTH and three
shRNA against FTL

Gene Target sequence (5'-3")

shFTH-1 TGTCCATGTCTTACTACTT
shFTH-2 GGCGGAATATCTCTTTGACAA
shFTH-3 GAGAGGGAACATGCTGAGAAA
shFTL-1 GCCACTTCTTCCGCGAATTGG
shFTL-2 GCGCTCTCTTCCAGGACATCA
shFTL-3 GGAGACTCACTTCCTAGATGA
NC TTCTCCGAACGTGTCACGT
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Table 3 30 over-expressed protein spots in PCa groups identified by MALDI-TOF-MS
Spot No. Swiss-Prot Protein name Mass(Da) PI function
1,2,720 P02760 AMBP Protein 38,974 5.95 Protease inhibitor
3,18,21 B4DPR2 c¢DNA FLJ50830, highly similar to AMBP 29,759.4 6.01 transport
4 - unnamed protein product 13,595.7 4.79 -
5 QO08ADI Isoform 2 of Calmodulin-regulated 164,895 6.23 Protein binding
spectrin-associated protein 1-like 1
(CAMSAPILI)
6,22,23 B7Z8R6 cDNA FLJ51445, highlysimilar to AMBP 29,759.4 6.01 Binding; transporter activity
protein
8 000164 Ribosomal RNA upstream binding 75,892.2 8.78 DNA binding
transcription factor (Fragment, UBTF)
11,13 P98160 Basementmembrane-specific heparan 468,500 6.06 Lipoprotein lipase activity; protein
sulfate proteoglycan coreprotein C-terminus binding
(HSPG2)
12 P02794 Ferritin heavy chain (FTH1) 21,2123 53 Ferric iron binding; ferroxidase activity;
protein binding
16,27 P02766 Transthyretin; 13 kDa protein 13,146.4 5.34 Hormone activity
17 — Unknown (protein for IMAGE:3934797) 22,637.5 8 Unknown (protein for IMAGE:3934797)
24 Q9BYX7 Putative beta-actin-like protein 3 41,988.8 591 ATP-binding
25 P08709 F7 Factor VII active sitemutant 75,504.4 6.6 Calcium ion binding; glycoprotein binding;
immunoconjugate serine-type endopeptidase activity
26 Q9HOW9 Cllorf54 33,076.7 6.64 hydrolase
28 Q03154 Aminoacylase-1 (ACY1) 55,958.8 6.56 Aminoacylase actibity; metal ion binding;
metallopeptidase activity
29 P02792 Ferritin Light chain (FTL) 21,282.8 5.7 Ferric iron binding; identical protein
binding; oxidoreductase activity
30 Q14019 Coactosin-like protein (COTLI1) 15,935 5.54 Actin binding; enzyme binding

differential proteins was mainly extracellular exosome (Fig.
2C). A combination of the data presented in Fig. 2A and B is
shown in Fig. 2D, which included all proteins based on both
molecular function and biological process. However, these
targets were all predictions and were not validated by the
experiment.

FTH and FTL were included among the 15
upregulated proteins

Spot 12 was overexpressed in PCa and subsequently identified
as FTH1 by MALDI-TOF (Fig. 3A). Spot 29 was
overexpressed in PCa and subsequently identified as FTL by
MALDI-TOF-MS (Fig. 3B). Among 15 different kinds of pro-
teins, we chose for further study the upregulated protein ferritin,
which consisted of ferritin heavy chain and ferritin light chain.
We attempted to determine whether FTH and FTL might be
potential urinary biomarkers in prostate cancer diagnosis.

FTH and FTL were overexpressed in PC-3 cell lines
compared with BPH-1

To detect the expression levels of FTH, FTL in prostate cancer
cells (PC-3) and benign prostate hyperplasia epithelial cells

(BPH-1), we used a Lane 1D gel analysis system to analyze
the gray value of the bands (Fig. 4). 3-actin served as the
reference. We performed a semiquantitative analysis on each
set of data. The experiments were repeated three times. The
protein expression of FTH (Fig. 4A), FTL (Fig. 4B) was
higher in PC-3 cells than BPH-1 cells.

Generation of stable shFTH cell lines; downregulation
of FTH inhibited colony formation, migration ability
of PC-3 cell, facilitated PC-3 cell’s apoptosis

and induced cell cycle arrest in G1 phase

At 72 h after the lentiviruses were transfected into PC-3 cells,
Western blotting was used to detect the FTH protein level,
which revealed that compared with the control and shRNA/
Control (NC) groups, the protein levels of FTH in the shFTH-
1, shFTH-2 and shFTH-3 groups were markedly decreased
(all P<0.05), but there was no significant difference in the
protein level between the control and NC groups (P> 0.05)
(Fig. 5A). Therefore, the shFTH-1 group (named as shFTH
group) was chosen for further experiments. After the lentivirus
was transfected with PC-3 cells and two month of puromycin
selection, we detected the efficiency of lentivirus infection
under a fluorescence microscope. The results showed that
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Fig. 1 Urinary proteomic profiles of normal controls, BPH and PCa.
Concentrated urine protein (200 pg) derived from normal controls (A),
BPH (B), or patients with PCa (C) was separated by 2-DE, which includ-
ed a first dimension of IPG (pH 3 to 10) and a second dimension of 12%
SDS-PAGE. More than 1000 spots were detected on the 2-D gel with a

the cell infection efficiency was greater than 90% in the two
groups, as shown in Fig. 5A. The mRNA expression levels in
the LV-shFTH cells were markedly decreased, as shown in
Fig. 5A.

The colony formation assay results confirmed that the
colony formation ability of cells in each group was distinct-
ly different. Compared with the NC group (0.24 £ 0.01), the
colony formation ability of cells in the LV-shFTH group
(0.05+0.01) was significantly reduced (Fig. 5B, P <

Fig. 2 Classification of A
differentially expressed proteins
based upon their annotations in
the database. Distribution of
differentially expressed proteins
in terms of (A) biological
processes, (B) molecular
functions and (C) cellular
components. (D) Transformation
of (A) and (B) to a pie diagram to
directly show the intersection of

retinoid metabolic process

cellular iron ion homeostasis

iron ion transport

intracellular sequestering of iron ion

Biological Process

M — 10

001 41N

aM —

molecular weight range from 10 to 100 KDa and pH range from 3 to 10.
Thirty differentially expressed protein spots were excised individually
from the gel for prostate cancer (D). The detected protein spots were
marked, numbered and excised for further analysis

0.05). A transwell assay was employed to examine the role
of FTH in cellular migration. As shown by the transwell
assay results presented in Fig. SC, the number of cells after
24 hin 10 fields under the microscope at 400x was 33 £ 3 in
the negative control group and 3 £ 1.5 in the LV-shFTH
group. The difference was statistically significant. The cell
migration ability significantly declined in the LV-shFTH
group compared with the NC group. Flow cytometry
showed that the apoptosis index was 4.37 + 0.42 in the NC
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Fig. 3 Differential expression of spot 12 and 29 among the three groups and its PMF map. Upper maps showed the position and expression of spot 12
(A) and 29 (B) in the normal control (a), BPH (b) and PCa group (c), respectively

group and 8.5+ 0.6 in the LV-shFTH group (P < 0.05). The  than the negative control group (Fig. 5D). The ratio of PC-
apoptosis rate was higher in the FTH interference group 3 cells in G1 phase was higher in the LV-shFTH group than
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Fig. 4 Differential expression of FTH, FTL in PC-3 cells and BPH-1
cells. (A) A representative image of the Western blot and qPCR graph
of PC-3 cells with higher FTH expression, compared to BPH-1. (B) A
representative image of the Western blot and qPCR graph of PC-3 cells

in the NC groups. The ratio of cells in S and G2 phase was
lower in the LV-shFTH group than the NC groups (Fig. 5E,
P <0.05). These results showed that FTH gene silencing
could arrest PC-3 cells in G1 phase.

Generation of stable shFTL cell lines; downregulation
of FTL enhanced the colony formation and migration
abilities of PC-3 cell

Additionally, the protein levels of FTL in the shFTL-1,
shFTL-2 and shFTL-3 groups were markedly decreased (all
P <0.05), but there was no significant difference in protein
levels between the control and NC groups (P> 0.05)
(Fig. 6A). Therefore, the shFTL-1 group (named as shFTL
group) was chosen for further experiments. After the PC-3
cells were transfected with lentivirus and two months of pu-
romycin selection, the efficiency of cell infection was found to
be greater than 90% in the two groups, as shown in Fig. 6A.
The mRNA expression levels in the LV-shFTL cells were
markedly decreased, as shown in Fig. 6A. FTL was obviously
inhibited after 72 h and could be inhibited over the long term.

The colony formation assay validated that compared with
the NC group (0.24£0.01), the colony formation ability of
cells in the LV-shFTL group (0.60+0.03) was significantly
increased (Fig. 6B, P < 0.01). A transwell assay was also
employed to examine the role of FTL in cellular migration.
As shown by the transwell assay results presented in Fig. 6C,
the number of cells after 24 h in 10 fields under the micro-
scope at 400x was 33 +3 in the negative control group and
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with higher expression of FTL, compared to BPH-1. (a, b) A representa-
tive image of the Western blot. (d) A representative qPCR graph. *
P <0.05; ** P<0.01

285+ 13.2 in the LV-shFTL group. This difference was statis-
tically significant. Cell migration ability was significantly in-
creased in the LV-shFTL group compared with the NC group.
Flow cytometry showed that the apoptosis index was 4.37 +
0.42 in the NC group and 8.5+0.6 in the LV-shFTL group
(P>0.05). The apoptosis rates were not significantly different
between the FTL interference and negative control groups
(Fig. 6D). The ratio of PC-3 cells in G2 phase was lower in
the LV-shFTL group than the NC groups (Fig. 6E, P <0.05).

Discussion

Prostate cancer-related morbidity and mortality are on the rise
In Asia [13]. The current diagnosis of prostate cancer relies
mainly on measuring the level of total serum prostate-specific
antigen (PSA), which may lead to overdiagnosis or

Fig.5 Infection of PC-3 cells by LV-shFTH lentivirus: comparison of cell P>
colony formation abilities, cell migration, cell cycle and apoptosis be-
tween the NC and LV-shFTH groups. Notes A: (a) Representative images
of the lentivirus infection efficiency of PC-3. After puromycin selection,
the lentivirus infection efficiency reached nearly 100% (X100). FTH was
obviously inhibited after 72 h and would be inhibited over the long term.
(b) The gray value for the (3-actin and FTH protein bands; (c) protein
levels of FTH; (d) mRNA expression levels of FTH; B: colony morphol-
ogy and efficiency of colony formation; C: representative images and
transwell migration assay graphs of NC cells and LV-shFTH cells; D: cell
apoptosis by FCM and apoptosis rates of cells; and E: number and ratios
of cells in S, Gland G2 phase (all experiments were repeated three times,
*P <0.05, **P < 0.01)
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overtreatment of prostate cancer [14]. Most of the spots iden-  we concluded that most proteins in urine consisted of a variety
tified in our results were plasma secreted proteins and proteo- of'albumin degradation products (spots 1,2, 3, 6, 7, 18, 20, 21,
lytic degradation. Among them, spots 12 and 29 were ferritin =~ 22, 23). These results were consistent with a former study.
heavy chain and light chain, respectively. Based on Table 3,  Spots 11 and 13 were proteolytic degradation products of
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extracellular matrix. Spots 12, 16, 27 and 29 were plasma  study demonstrated representative immunohistochemical ex-
proteins. Spots 5, 8, 24 and 30 were identified as cell apoptosis ~ pression of FTL and FTH, with strong staining intensities in
proteins. Wang et al. have demonstrated that serum ferritin  the prostate cancer group (PCa) and weak staining intensity in
combined with PSA enhances the predictive accuracy of pros-  the benign prostatic hyperplasia group (BPH). Furthermore,
tate cancer [15]. In addition, our laboratory’s preliminary  differences in the urinary ferritin-creatinine ratio (FCR) were

@ Springer



Invest New Drugs (2019) 37:935-947

945

<« Fig.6 Infection of PC-3 cells by LV-shFTL lentivirus: comparison of cell
colony formation abilities, cell migration, cell cycle and apoptosis be-
tween the NC and LV-shFTL groups. Notes A: (a) Representative images
of the lentivirus infection efficiency of PC-3. After puromycin selection,
the lentivirus infection efficiency reached nearly 100% (X100). FTL was
inhibited after 72 h and could be inhibited over the long term. (b) The gray
value for the (3-actin and FTL protein bands; (c) protein levels of FTL; (d)
mRNA expression levels of FTL; B: colony morphology and efficiency
of colony formation; C: representative images and transwell migration
assay graphs of NC cells and LV-shFTL cells; D: cell apoptosis by FCM
and apoptosis rates of cells; and E: number and ratios of cells in S, Gland
G2 phase (all experiments were repeated three times, *P < 0.05, **P <
0.01)

observed among the three groups, with significant differences
in the PCa group compared with both the BPH and control
groups. In contrast, there were no significant differences be-
tween the BPH and N groups [11]. This finding suggests that
ferritin may serve as an important diagnostic indicator of pros-
tate cancer. To further confirm the effect of FTL and FTH on the
biological behavior of prostate cancer cells, we knocked down
the expression of FTL and FTH in the prostate cancer cell line
PC-3 by lentivirus-mediated RNA interference and observed
the effect on prostate cancer cell proliferation, apoptosis, migra-
tion ability and tumorigenicity, with the goal of providing pre-
liminary experimental data to explore the functional role of FTL
and FTH in the pathogenesis of prostate cancer and their po-
tential as clinical treatment targets for prostate cancer.

The results showed that FTH and FTL were overexpressed
in the PC-3 cell lines compared with BPH-1. In particular,
knockdown of FTH reduced cell proliferation, migration and
contributed to cell apoptosis. In contrast, knockdown of FTL
contributed to cell proliferation and migration. The iron ab-
sorption process requires the cooperation of the H and L sub-
units. Ferritin is localized in the cytoplasm, mitochondria and
nucleus in eukaryotes. Cytoplasmic ferritin consists of
24 heavy chains (H; FHC; FTH) and light chain (L; FTL)
ferritin subunits that can hold up to 4500 iron atoms in the
central compartment [16]. In humans, the molecular weights
are 21 and 19 kDa, respectively [17, 18]. Two different genes
encoding heavy and light subunits belong to a complex poly-
genic family and are regulated by different transcriptional
mechanisms, while the mitochondrial forms are encoded by
no intronic H-type genes [19, 20]. Despite its broad homology,
FTH and FTL have different functions: FTH has iron oxidase
activity that favors the rapid uptake and release of iron, while
FTL contributes to the long-term storage of iron [20].

Ferritin is differentially overexpressed in the tissues of a
variety of malignancies including hepatocellular carcinoma
[21],Hodgkin lymphoma [22],breast cancer [23],pancreatic
cancer [24] and prostate cancer [11]. Structural and immuno-
logical analyses have revealed that the composition of the
tumor ferritin subunit is different, most likely caused by dif-
ferent proportions of the L and H subunits [25]. The compo-
sition of the ferritin complex varies in different tissues based

on their iron requirements and metabolism patterns. For ex-
ample, H-ferritin is abundant in heart, muscle, brain, and kid-
ney, while L-ferritin is rich in liver and spleen, and this ratio is
very easily altered during a state of inflammation, foreign
stimulation and differentiation [26]. The human protein map
data shows that the ferritin light chain (http://www.
proteinatlas.org/ENSG00000087086/normal) is highly
expressed in the CNS, spleen, bone marrow, liver, lung,
kidney, and adipocytes. The expression of the heavy chain
(http://www.proteinatlas.org/ENSG00000167996/normal) is
roughly the same, and it is also highly expressed in the
prostate, breast, testis, uterus and thyroid tissues. However,
the actual stoichiometries of the subunit ratios of ferritin in
different tissues are unknown, thus also influencing the
ranking or crystallinity of the mineral core [27]. Therefore,
the present findings for ferritin light and heavy chains might
reveal opposite results. However, further evidence is needed
to validate these findings.

In breast cancer cells, Yang, et al. have shown that the
downregulation of ferritin in MCF-7 cells results in cell
growth inhibition through increased apoptosis, mediated by
decreased levels of Bcl-2 mRNA [28]. Lobello et al. have
demonstrated that low FTH expression is associated with a
poor prognosis in ovarian cancer and that sSFOV3 cells have
a stronger tumorigenic phenotype after FTH silencing [29].
There is growing evidence that ferritin is involved not only
in intracellular iron metabolism but also many biochemical
pathways involved in the development and progression of
cancer. Min Pang and Connor et al. demonstrated that these
pathways include control of cell proliferation, inhibition of
cell death and apoptosis, and induction of epithelial-
mesenchymal transition [30]. The specific role of ferritin in
these intricate processes has not yet been completely deter-
mined. Conflicting results may also derive from specific dif-
ferences in the cells.

In addition to its role in iron metabolism, ferritin is also
involved in many cellular regulatory pathways, such as pro-
liferation [26], chemokine signaling [31] and angiogenesis
[32]. In HeLa cells, Cozzi et al. found that high expression
of H- but not L-ferritin resulted in a reduction of apoptosis by
approximately 50%. This anti-apoptotic activity is indepen-
dent of ferroxidase activity as overexpression of mutant ferri-
tin with an inactive ferroxidase center shows a similar effect
[33]. In addition, H-ferritin has also been found to be an im-
portant mediator of the anti-apoptotic activity of NFkB during
the inflammatory response. This activity is achieved by iron
chelation and ROS inhibition and subsequent inhibition of
pro-apoptotic c-JNK signaling [21]. In human malignant me-
sothelioma cells, constitutively expressed H-ferritin has been
shown to protect H,O,-induced apoptosis, whereas downreg-
ulation of H-ferritin results in increased sensitivity [34].
Coftman et al. reported that high-molecular-weight kininogen
(HKa) is inactivated after binding to ferritin, whereas HKa is
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an angiogenic inhibitor [35]. It was further demonstrated that
both H- and L-ferritin can block the anti-angiogenic effect of
HKa [36]. H-ferritin, but not L-ferritin or H-ferritin mutants
lacking iron oxidase, can bind to DNA [37]. Thompson et al.
have also found that H-ferritin preferentially translocates to
the nucleus, protecting DNA from iron-induced oxidative
damage [38]. These studies results are consistent with the
findings of our experiments.

Although elevated serum ferritin is observed in quite a few
cancers, the source of the elevated serum ferritin has not been
directly addressed. As an example, although liver cancer cells
can secrete ferritin in vitro [39], some recent in vivo studies
have suggested that serum ferritin is predominantly derived
from macrophages rather than hepatocytes [40]. Similarly, stud-
ies have demonstrated that a higher level of ferritin is detected
in both serum and tumor lysates of breast cancer patients, and
its increase is associated with a poor prognosis. Ferritin stimu-
lates breast cancer cells through an iron-dependent mechanism
and is localized to tumor-associated macrophages [23]. The
effector and molecular mechanism by which tumor-associated
macrophages affect tumorigenesis remain unclear. Thus, while
high ferritin levels are positively correlated with increased se-
rum PSA levels and prostate cancer risk [15], serum ferritin
levels may also produce conflicting results in vitro.

We will continue to explore the expression of FTH and
FTL in prostate cancer tissue samples and its clinical signifi-
cance, as well as screen and identify important interaction
effector molecules and signaling pathways involved in the
regulation of FTH, FTL. Determination of the mechanism of
action of FTH, FTL in prostate progression will help to further
improve the pathogenesis of prostate cancer and provide a
new biomarker and an important theoretical basis for the di-
agnosis of prostate cancer.

In conclusion, we separated more than 1000 spots on a 2-
DE gel using urine samples. Among these spots, 15 different
kinds of upregulated proteins were identified, including FTL
and FTHI, consistent with previous research. FTH and FTL
play significant roles in the proliferation, apoptosis and migra-
tion of prostate cancer cells, suggesting that they may be cru-
cial candidate cancer relevant genes involved in the formation
and progression of prostate cancer. These analyses will help to
further distinguish PCa patients from BPH patients, clarify the
pathogenesis of prostate cancer and provide an important basis
for the diagnosis of prostate cancer in clinical work.
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