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Abstract
Esophageal squamous cell carcinoma (ESCC) is one of the most common malignancies.
Peroxiredoxin 6 (PRDX6), a member of peroxidase superfamily, has a function of eliminating the
reactive oxygen species (ROS), and participates in development of multiple diseases, including
tumors. The purpose of this study was to investigate the expression of PRDX6 in normal and
cancerous esophageal tissues and to characterize its role in ESCC progression. We found
significantly higher expression of PRDX6 in ESCC tissues than in normal esophageal tissues or
tumor-adjacent tissues and that the PRDX6 expression level was positively correlated with the
proliferation-related markers. In ESCC cells, PRDX6 distribution was more pronounced in the
nucleus region. PRDX6 overexpression by an adenovirus significantly promoted cell proliferation,
migration and invasion in TE-1 and Eca-109 cells. Conversely, lentivirus-mediated knock-down of
PRDX6 expression significantly reduced cell growth, colony formation and metastasis in ESCC cells.
PRDX6 modulated the phosphorylation of Akt and Erk1/2, and the expression of MMP2. We also
found that PRDX6 and Erk1/2 pathway were mutually regulated in ESCC cells. In addition, PRDX6
overexpression eliminated radiation-induced ROS and decreased consequent cell apoptosis,
indicative of a role in radioresistance. Finally, the role of PRDX6 in promoting tumor growth was
further confirmed in nude mice with ESCC xenografts. Taken together, we demonstrated that
overexpression of PRDX6 promotes the progression of ESCC through Erk1/2, which provides a
potential therapeutic target for human ESCC.
Key words: cell proliferation, esophageal squamous cell carcinoma (ESCC), MAP kinase signaling system,
reactive oxygen species (ROS), Peroxiredoxin 6 (PRDX6)

Introduction
Esophageal cell carcinoma is one of the most
common and deadliest malignancies worldwide, with
elevated incidence and mortality rates in developing

countries [1,2]. China is the world's highest incidence
of esophageal cancer, and esophageal squamous cell
carcinoma (ESCC) constitutes more than 95% of
http://www.jcancer.org
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esophageal cancer diagnoses [2,3]. The prognosis of
this cancer remains poor because of late diagnosis and
the rapid metastasis, despite the currently multiple
methods of treatment for ESCC [4]. In addition to
surgery, simultaneous radiotherapy and chemotherapy is the current standard treatment of nonsurgical treatment of esophageal cancer [5]. Although
a variety of dysregulated molecules and potential
targets of ESCC have gradually been characterized,
the molecular mechanism driving the progression of
ESCC remains complex and largely unknown [6,7].
A variety of reactive oxygen species (ROS), such
as H2O2 or O2-, are found to be the by-products of
cellular aerobic metabolism, ongoing stress and
exposure to X-rays [8,9]. Cancer cells are likely to have
increased ROS levels compared with normal
counterparts, which contributes to the biochemical
and molecular changes necessary for the tumor
initiation, promotion and progression, as well as
tumor resistance to radio- and chemotherapy [10,11].
Peroxiredoxins (PRDXs), a family of non-seleno
peroxidases, have gained increasing attention since
their recognition in recent years [12,13]. Six members
of the PRDX family have been described in
mammalian, named PRDX 1-6. PRDX6 is the sole
mammalian 1-Cys PRDX [12-14].
PRDX6 was first demonstrated for protein
isolated from the ciliary body of the bovine eye [15].
Although PRDX6 shares structural and functional
properties with other PRDX members, it has a single
conserved Cys residue causing a different catalytic
cycle, and it uses glutathione (GSH) instead of
thioredoxin as the physiological reductant.
Furthermore, PRDX6 exhibits a bifunctional enzyme
with both phospholipase A2 (PLA2) activity and
peroxidase function [14,16]. PRDX6 overexpression is
associated with a number of degenerative diseases
such as Alzheimer's, Parkinson's and Crosti syndrome
[17,18]. Accumulating studies have shown that
aberrant expression of PRDX6 is associated with
cancer progression. Jo M et al reported that
PRDX6-overexpressing transgenic (Tg) mice displayed a greater increase in the growth of lung tumor
compared with normal mice [19]. PRDX6 is highly
expressed in melanoma [20], lung [21] and bladder
cancers [22]. In these cancers, overexpression of
PRDX6 promotes cancer cell proliferation and the
invasive phonotype [23,24].
However, the expression and functional
significance of PRDX6 in ESCC have not been
reported yet. In this study, we investigated the
expression of PRDX6 and its functional consequences
in ESCC. We found that the PRDX6 expression was
significantly increased in ESCC tumor tissues.
Furthermore, PRDX6 overexpression increased the
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proliferation and metastasis capacity in vitro and in
vivo. Thus, PRDX6 may serve as a therapeutic target
for the treatment of ESCC.

Materials and Methods
Reagents, Vectors and Viruses
The anti-PRDX6 antibody was purchased from
Abcam (Cambridge, MA). The antibodies against
phospho-Akt, Akt, phospho-Erk1/2, Erk1/2, matrix
metalloproteinase 2 (MMP-2), MMP-9 and GAPDH
were obtained from Cell Signaling Technology
(Beverly, MA). The MEK inhibitor PD0325901 was
purchased from Cell Signaling Technology (Beverly,
MA).
The human PRDX6 (GenBank accession no.
ENSG00000117592) coding region (ENST000003403
85.5) was amplified by PCR using a primer pair
specific to PRDX6. The amplified fragment was
inserted into the pEGFP-N1 vector. The plasmid was
then sequenced for confirmation.
Adenovirus overexpressing PRDX6 (Ad-PRD
X6) and control adenovirus overexpressing RFP
(Ad-RFP) were constructed by Hanbio (Shanghai,
China). Both adenoviruses were propagated in 293A
cells. Cells were infected with a multiplicity of
infection (MOI) of 20 virus particles ⁄ cell 24 h before
being used in experimentation. For knock-down of
PRDX6, shRNA-expressing lentivirus (sh-PRDX6-1,
sh-PRDX6-2 and sh-PRDX6-3) or non-silencing
control lentivirus (shRNA-NC) were designed and
constructed by Hanbio (Shanghai, China).

Tissue Samples
For immunohistochemistry analysis, 95 ESCC
samples and 26 matched, adjacent normal esophagus
tissues were collected from 95 patients, as previously
reported [25,26]. All patients gave signed, informed
consent for their tissues to be used for scientific
research. Ethical approval for the study was obtained
from the Jiangyin People’s Hospital. All diagnoses
were based on pathological and/or cytological
evidence; the histological features of the specimens
were evaluated by a senior pathologist according to
the classification criteria from the WHO [27].

Immunohistochemistry (IHC)
IHC staining and the stained section scoring was
performed as described previously [25,26].

Cell Culture and Irradiation
The human esophageal cancer cells (TE-1 and
Eca-109) and esophageal epithelial HET-1A cells were
maintained in DMEM supplemented with 10% FBS
and antibiotics (Gibco, Grand Island, NY). Cells were
grown in a 37°C incubator with 5% CO2.
http://www.jcancer.org
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For irradiation, cells were exposed to 4 or 8 Gy of
ionizing radiation using X-ray linear accelerator (Rad
Source, Suwanee, GA) at a fixed dose rate of 1.15
Gy/min.
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Eca-109 and TE-1 cells were lysed in Lysis buffer
(Promega, Madison, WI) and centrifuged at 4 °C for 10
min. The supernatant was collected and subjected for
Western blotting as described previously [25,26].

Biosciences, San Jose, CA). Then, 5 × 104 cells/mL
ESCC cells in serum-free medium were added to the
upper chambers. The lower chambers were filled with
medium that contained 10% fetal bovine serum. After
incubation for 12 h, the cells remaining in the upper
chambers were scraped off, and the invading cells in
the lower chambers were fixed with 3.7% paraformaldehyde. Then, the cells were stained with crystal
violet at room temperature and photographed under
a microscope.

Cell Viability Assay

Measurement of Apoptosis

Western Blotting

Eca-109 and TE-1 cells were infected with
adenoviruses or lentiviruses according to the
experimental design. Cell viability was evaluated
using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl2H- tetrazolium bromide (MTT) assay. The cells were
incubated with 20 μL MTT (5 mg/ml) for 4 h. After
the medium was removed, 100 μL DMSO was added
and the optical density (OD) at 490 nm was measured
using a microplate reader (Bio-Rad, Hercules, CA).
Three independent experiments were performed in
quadruplicate.

EdU Assay

Cells were infected with viruses 24 h prior to
treatment with sham or 8 Gy X-ray irradiation.
Apoptosis was measured using propidium iodide
(PI)/Annexin-V double staining following manufacturer’s instructions (BD Biosciences, San Jose, CA).
Cells were harvested 48 h after irradiation and
apoptotic fractions were measured using flow
cytometry (BD Biosciences, San Jose, CA). The
Annexin-V1/PI- cells are early in the apoptotic
process, the Annexin-V1/PI1cells indicating late
apoptosis. The percentage of both Annexin-V+/PIand Annexin-V+/PI+ cells was counted.

Reactive Oxygen Species (ROS) Generation
Assay

The proliferative cells were determined by
uptake of 5-Ethynyl-2'-deoxyuridine (EdU) into DNA.
Cells were labeled with 50 μM EdU (RiboBio Co., Ltd,
Guangzhou, China) for 4 h. Then, the cells were fixed
with formaldehyde for 15 min and treated with 0.5%
Triton X-100 for 20 min at room temperature. After 3
washes with PBS, the cells were treated with 100 μL of
1x ApolloR reaction cocktail for 30 min. Subsequently,
the DNA of each well of cells were stained with
Hoechst33342 for 30 min and observed under a
fluorescence microscope (Olympus, Tokyo, Japan).

ROS levels were determined using the
ROS-sensitive dye 2’,7’- dichlorofluorescein diacetate
(DCF-DA), which is converted by ROS into the highly
fluorescent 2’,7’-dichlorofluorescein (DCF). Eca-109
cells were incubated with DCF-DA (10 μM) for 30
min. The level of DCF fluorescence was measured by
a fluorescence microscope. For quantification, the
level of DCF fluorescence was measured at 488 nm
using a 96-well plate reader.

Colony Formation

Immunofluorescence

Cells infected with the indicated viruses were
plated at low density (1,000 cells per 6-cm plate),
incubated for 10 days and fixed and stained with
crystal violet. Foci and colonies containing more than
50 cells were counted using a microscope.

Wound Healing Migration and Matrigel
Invasion Assays
After virus infection, cells were scratched with
the tip of a 200 μL pipette and then washed twice with
PBS to remove the floating and detached cells. Then,
fresh serum-free medium was added, and photos
were taken at 0, 12 24 and 36 h to assess cell migration
using a microscope (Olympus, Tokyo, Japan).
The invasive potential of ESCC cells was
assessed using 24-well Matrigel invasion chambers
(pore size 8 μm, Costar, New York, NY). Inserts were
pre-coated with 40 μL Matrigel (1:4 dilution; BD

Cells were fixed with 4% paraformaldehyde for
10 min, treated with 1% Triton X-100 for 10 min, and
then incubated with blocking serum for 1 h at room
temperature. After washing with PBS, samples were
incubated with PRDX6 antibody over night at 4°C,
followed by
FITC-conjugated goat-anti-rabbit
secondary antibody (Beyotime, Nantong, China) for 2
h. Nuclei were counterstained with 4,6-diamidino-2phenylindole (DAPI; Sigma-Aldrich, St. Louis, MO).
The cells were observed using an Olympus
fluorescence microscope (Olympus, Tokyo, Japan).

Animals and Treatments
4-week-old BALB/c nude mice were purchased
from Shanghai SLAC Laboratory Animal Co., Ltd.
(Shanghai, China). The mice were maintained under
standard laboratory conditions on a 12-h light-dark
cycle and given access to sterilized food and water
http://www.jcancer.org
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under specific pathogen free environment. For the
subcutaneous injection, Eca-109 cells (1x107) were
suspended in 200 μL PBS and then inoculated
subcutaneously into the right posterior flank region of
BALB/c nude mice. The mice were divided into 6
groups and injected Eca-109 cells, respectively. The six
groups are as follows: 1) Control group without
treatment; 2) Ad-RFP group; 3) Ad-PRDX6 group; 4)
Lenti-sh-NC group; 5) Lenti-sh-PRDX6-2 group; 6)
Lenti-sh-PRDX6-3 group. Each group consisted of five
nude mice. Two-dimensional measurements were
taken with an electronic caliper every 3 days, and the
tumor volume in mm3 was calculated using the
formula: volume=axb2/0.52, where a is the longest
diameter and b is the shortest diameter. When a
tumor reached 150–200 mm3 in volume or 27 days
after injected, the mice were sacrificed and tumors
were frozen in -80°C or fixed in 10% formalin
overnight and subjected to routine histological
examination. This study was approved by the
Institutional Animal Care and Use Committee of
Soochow University.

Statistical Analysis
Data are expressed as the mean ± standard error
of the mean (SEM) of at least three independent
experiments. Standard error bars were included for all
data points. The data were then analyzed using
Student's t-test when only two groups were present or
assessed by one-way analysis of variance (ANOVA)
when more than two groups were compared. SPSS
software (Release 17.0, SPSS Inc.) was utilized for
statistical analysis. Data were considered significant if
P < 0.05.

Results
Expression of PRDX6 is upregulated in
esophageal cancer tissues.
To explore the expression of PRDX6 in normal
and cancerous esophageal tissues, we measured
PRDX6 expression by immunohistochemistry.
Immunohistochemical staining was performed in 15
paraffin-embedded normal esophageal tissues and 95
ESCC tissues, 26 of which had corresponding adjacent
tumor tissues. An overall stronger staining for PRDX6
was frequently observed in the ESCC tissues, whereas
very weak staining of PRDX6 was observed in the
normal and tumor adjacent tissues (Fig.1A). PRDX6
protein is expressed in both the nucleus and
cytoplasm of esophageal cancer tissues (Fig.1A).
The samples were further scored by a
pathologist, as described in the Materials and
Methods section. As shown in Fig. 1B, PRDX6
expression in adjacent tumor tissues was higher than
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that in normal esophageal tissues (P = 0.0048, Fig. 1B).
In contrast, there were significant differences in the
expression of PRDX6 between tumor tissues and
adjacent tumor tissues (P < 0.001, Fig. 1B). We also
found that proliferation-related markers Ki67, PCNA
and CyclinD1 expression were positively correlated
with that of PRDX6 in esophageal cancer tissues
(Fig.1C). These results indicated an increase in the
expression of PRDX6 in ESCC, suggesting a
characteristic of this malignancy.

PRDX6 promoted the growth of esophageal
cancer cells.
To explore the functional significance of PRDX6
in ESCC progression, we first measured the
expression of PRDX6 in ESCC cancer cells and a
noncancerous esophageal cell line.
Result shows that ESCC cell lines (TE-1 and
Eca-109) expressed higher level of PRDX6 compared
with esophageal epithelial HET-1A cells (Fig. 2A),
which confirmed the increased expression of PRDX6
in ESCC cells. To investigate the distribution of
PRDX6 in cultured cells, immunofluorescence assay
was performed. Result showed that PRDX6 was
present more in the nucleus than in the cytoplasm of
ESCC cells (Fig. 2B). To confirm this result, Eca-109
cells were transfected with a PRDX6-EGFP
overexpression vector (pcDNA.3.1-PRDX6-EGFP) and
the fluorescence were observed under a confocal
microscope. Images showed that the fluorescence was
more pronounced in the nucleus (Fig. 2C). The above
results indicated a preferred nuclear distribution of
PRDX6 in ESCC cells.
To explore the role of PRDX6 in esophageal
cancer cell growth, Eca-109 and TE-1 cells were first
infected with a PRDX6-overexpressing adenovirus
(Ad-PRDX6) or a control adenovirus (Ad-RFP).
Western blotting assay confirmed that Ad-PRDX6infected cells showed significantly increase of PRDX6
in the two esophageal cancer cell lines (Fig. 2D). We
further knocked down PRDX6 expression using
lentiviruses. Three different shRNAs lentiviruses
were designed to silence PRDX6 and sh-PRDX6-2 and
sh-PRDX6-3 showed strongest inhibitory effect by
Western blotting (Fig. 2E). Cells were then seeded in
96-well plates and incubated for additional 48 or 72 h.
The results showed that PRDX6 overexpression
significantly increased cell growth in both Eca-109
and TE-1cells (Fig. 3A). Moreover, forced expression
of PRDX6 resulted in a significant increase of
EdU-positive proportion by 12.9 % in Eca-109 cells
(Fig. 3B). In contrast, the downregulation of PRDX6
by sh-PRDX6-2 or sh-PRDX6-3 significantly
suppressed cell proliferation as measured by an MTT
assay (Fig. 3C) and EdU assay (Fig 3D). Consistently,
http://www.jcancer.org
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silencing of PRDX6 reduced the percentage of colony
formation and the size of colonies in the two ESCC
cells (Fig. 3E and 3F). Taken together, these results
indicate that PRDX6 promotes the growth of ESCC
cells.

PRDX6 promotes the migration and invasion
of esophageal cancer cells.
Next, we investigated the effect of PRDX6 on
ESCC cell migration and invasion using woundhealing and Matrigel invasion assays. In wound-
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healing assay, confluent Eca-109 cell cultures were
scraped to create a wound, and cell migration was
assessed 12, 24 and 36 h later. As shown in Fig. 4A, the
wound area of Ad-PRDX6-infected Eca-109 cells was
significantly narrower than that of the control group
at 24 and 36 h after the scratch, indicating that PRDX6
overexpression promoted cell migration. In contrast,
silencing of PRDX6 by sh-PRDX6-3 significantly
reduced the wound area by 13.06% at 24 h and by
14.24% at 36 h in Eca-109 cells (Fig. 4B).

Fig. 1. Upregulation of PRDX6 in ESCC samples. (A) Representative IHC staining of PRDX6 expression in normal esophageal tissue specimen and ESCC
tissues and tumor adjacent tissues. (B) PRDX6 immunohistochemical (IHC) staining score in normal esophageal tissues (n = 15), ESCC tissues (n = 95) and tumor
adjacent tissues (n = 26). * P < 0.05; ** P < 0.01. (C) Co-expression of PRDX6 with proliferation-related proteins Ki67, Cyclin D and PCNA in ESCC tissues.

Fig. 2. The overexpression and nuclear distribution of PRDX6 in ESCC cells. (A) Western blotting of PRDX6 expression in ESCC cell lines (TE-1 and
Eca-109) and an esophageal epithelial cell line (HET-1A). (B) Immunofluorescence assay of PRDX6 expression in Eca-109 cells. (C) Eca-109 cells were transfected
with pEGFP-PRDX6. Green fluorescence reflecting the distribution of PRDX6 was observed by a confocal microcope. (D) Eca-109 and TE-1 cells were infected with
Ad-RFP or Ad-PRDX6. The expression of PRDX6 was detected by Western blotting. (E) Eca-109 and TE-1 cells were mock infected or infected with indicated
lentiviruses targeting PRDX6. The expression of PRDX6 was detected by Western blotting. Relative expression of PRDX6 in each group was quantified by Image J
software. Data are presented as mean ± SEM and were normalized to the control cells, * P < 0.05; ** P < 0.01.

http://www.jcancer.org
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Fig. 3. PRDX6 promotes the proliferation and colony formation of ESCC cells. (A) Eca-109 and TE-1 cells were infected with Ad-RFP or Ad-PRDX6.
Cells were seeded in a 96- well plate and incubated for 48 h. Cell proliferation was measured by an MTT assay. The left panel shows the images of cells after MTT
staining. (B) EdU assay of Eca-109 cell proliferation. Representative images of EdU positive cells from an EdU incorporation assay. The images were acquired using a
fluorescence microscope under the same conditions. (C) Eca-109 and TE-1 cells were mock infected or infected with indicated lentiviruses. Cell proliferation was
measured by an MTT assay. (D) Eca-109 cells were infected with lentiviruses targeting PRDX6. Cell proliferation was measured by an EdU assay. The effect of PRDX6
silencing on colony formation efficiency and colony size in (E) Eca-109 and (F) TE-1 cells. The left panel shows the representative colonies, and the right panel shows
the data analysis. Relative colony size in each group was quantified by Image J software. Data are presented as mean ± SEM and were normalized to the control cells,
* P < 0.05; ** P < 0.01.

Esophageal cancer cells were then subjected to
Matrigel invasion assay. After the treatment for 12 h,
cells that migrated to the bottom surface of the
membrane were stained with crystal violet and the
number of invading cells was calculated manually.
Forced expression of PRDX6 by Ad-PRDX6 induced a
~1.80-fold increase of cells that invade through the
Matrigel and membrane compared with the control
Ad-RFP-infected cells (Fig. 4C). Knock-down of
PRDX6 by shRNA-3 significantly resulted in a
1.34-fold decrease of the number of invaded cells,
compared with the control group (Fig. 4D). Western
blot analysis was performed to measure the signaling
pathways involved the PRDX6-induced migration
and invasiveness of ESCC cells. Results showed that
overexpression of PRDX6 increased the phosphorylation of Akt and Erk1/2, whereas knock-down of
PRDX6 reversed their phosphorylation in Eca-109
cells (Fig. 4E). Moreover, PRDX6 modulated the
expression of downstream MMP2 but not MMP9 in

ESCC cells (Fig. 4E). These results indicated that
PRDX6 enhanced the migration and the invasiveness
of ESCC through Akt and Erk1/2 pathway.

PRDX6 modulates the radiosensitivity of
ESCC cells.
Radiotherapy is a major modality for ESCC and
ionizing radiation elicit ROS to induce cancer cell
death [28, 29]. We therefore investigated whether
PRDX6 affected the radiosensitivity of ESCC cells.
Cellular ROS levels in Eca-109 cells were measured
using the DCFH-DA probe. Results revealed that ROS
level was significantly increased 4 h after 4Gy X-ray
irradiation, whereas PRDX6-overexpressing cells
(Ad-PRDX6) showed significantly reduced ROS level,
compared with the control group (Fig. 5A).
Conversely, downregulation of PRDX6 significantly
increased ROS level in Eca-109 cell (Fig. 5B). These
results indicate that PRDX6 modulates radiationinduced ROS.

http://www.jcancer.org
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Fig. 4. PRDX6 regulates cell migration and invasion in ESCC cells. (A) Wound healing assay of Eca-109 cells infected with Ad-RFP or Ad-PRDX6. Wound
healing was observed 12, 24 and 36 h after the treatment, and the open wound area was normalized to the area at the initial time that the wound was made. (B) The
effect of PRDX6 silencing on wound healing in Eca-109 cells. Eca-109 cells were infected with indicated lentivirus. (C) Transwell assay of cells infected with Ad-RFP
or Ad-PRDX6. Cells migrated to the bottom chamber were stained with crystal violet. (D) Eca-109 cells were infected with indicated lentivirus. Cells migrated to the
bottom chamber were stained with crystal violet. Data are presented as mean ± SEM and were normalized to the control cells, * P < 0.05; ** P < 0.01. (E) Eca-109
cells were transfected with the indicated vectors or shRNAs. Cell extracts were subjected to Western blotting analysis for the expression of PRDX6, Erk1/2,
phosphor-Erk1/2, Akt, phosphor-Akt, MMP2 and MMP9.

We then assessed the effect of PRDX6 on the
apoptosis induced by irradiation. Eca-109 cells were
infected with PRDX6 overexpression or knock-down
virus followed by 8 Gy X-ray irradiation. The
proportion of apoptotic cells was determined by flow
cytometry. Compared with cells treated without
irradiation, the group of cells after 8 Gy X ray
irradiation had a clear increase of apoptosis
percentage. However, PRDX6-overexpression group
(Ad-PRDX6) significantly reduced radiation-induced
apoptosis by 15.7 ± 1.22%, compared with the control
group (Fig. 5C). For PRDX6 downregulation group
(sh-PRDX6-3), apoptosis percentage was significantly
higher than that of control group (shRNA-NC; Fig.
5D). Altogether, PRDX6 modulated the radiosensitivity of ESCC cells.

PRDX6 and Erk1/2 pathway is mutually
regulated.
Activation of Erk1/2 is implicated in the
progression and resistance numerous cancers, making
it an attractive therapeutic target [30]. We therefore
investigated the relationship between PRDX6 and
Erk1/2 pathway in esophageal cancer cells. Cells were
infected with lentiviruses targeting PRDX6 and
Western blotting assay showed that silencing of

PRDX6 either by shRNA-2 or shRNA-3 decreased the
phosphorylation of Erk1/2, indicating that PRDX6
regulates Erk1/2 pathway in ESCC cells (Fig.6A).
Conversely, forced expression of PRDX6 increased
Erk1/2 phosphorylation (Fig. 6B). Furthermore, we
also found that addition of MEK (upstream regulator
of Erk1/2) inhibitor PD0325901 reduced the
expression of PRDX6 expression in a dose-dependent
manner, suggesting that Erk1/2 also regulates the
PRDX6 expression in ESCC cells (Fig. 6C and 6D).
Taken together, the above results indicate that PRDX6
and Erk1/2 pathway was mutually regulated.

PRDX6 promotes esophageal cancer growth in
vivo.
To determine the effect of PRDX6 on ESCC
growth in vivo, nude mice were first inoculated with
Eca-109 cells infected with Ad-PRDX6 or Ad-RFP.
Western blot confirmed a marked increase of PRDX6
in Ad-PRDX6-infected group (Fig. 7A). Mice in each
group showed no difference in body weight and no
gross pathologic abnormality, indicating no observable toxicity (Fig. 7B). Nude mice inoculated with
Eca-109 cells infected with PRDX6 overexpression
adenovirus developed tumors faster than that of the
control Ad-RFP-infected group (Fig. 7C). On day 27,
http://www.jcancer.org
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the PRDX6 group (Ad-PRDX6) showed an increased
tumor volume by 25.28% (Fig. 7D). Then, we detect
proliferation marker Ki67 in tumor to verify the
increase effect of PRDX6 in vivo. In Ad-PRDX6-
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infected xenografts, the Ki67-positive percentage was
significantly increased, compared with Ad-RFPinfected group (Fig. 7E).

Fig. 5. PRDX6 modulates the radiosensitivity of ESCC cells. (A) The effect of PRDX6 overexpression on ROS levels of Eca-109 cells. Cells infected with
Ad-RFP or Ad-PRDX6. Fluorescent signals, reflecting the concentration of ROS, were measured by a fluorescence microscope under the same conditions. (B)
Eca-109 cells were infected with indicated lentivirus. ROS levels were measured as mentioned above. (C) The effect of PRDX6 on cell apoptosis in Eca-109 cells. Cells
were infected with Ad-PRDX6 or Ad-RFP then exposed to 8 Gy of irradiation. (D) Cells were infected with shRNA-NC or sh-PRDX6-3 lentivirus followed by 8 Gy
irradiation. Data are presented as mean ± SEM and were normalized to the control cells, * P < 0.05; ** P < 0.01.

Fig. 6. PRDX6 and Erk1/2 pathway are mutually regulated. (A) Eca-109 cells were mock infected or infected with Ad-RFP or Ad-PRDX6. The expression of
p-Erk1/2 and Erk1/2 were subjected to Western blotting. Relative expression of p-Erk1/2 in each group was quantified by Image J software. (B) Eca-109 cells were
mock infected or infected with lentivirus expressing shRNA-NC, sh-PRDX6-2, sh-PRDX6-3. The expression of p-Erk1/2 and Erk1/2 were subjected to Western
blotting. (C) Eca-109 cells were incubated with at concentrations of 0.1, 1.0, 5.0 or 10 μM PD0325901 (Erk1/2 pathway inhibitor). The expression of p-Erk1/2 and
Erk1/2 were detected by Western blotting. (D) After treatment with various concentration of PD0325901, the expression of PRDX6 was measured by Western
blotting in Eca-109 cells. Data are presented as mean ± SEM and were normalized to the control cells, * P < 0.05; ** P < 0.01.

http://www.jcancer.org

Journal of Cancer 2018, Vol. 9

3947

Fig. 7. PRDX6 promoted esophageal cancer growth in vivo. Each group of mice was composed of five nude mice. Cells were infected with indicated virus. Bal
b/c nude mice were subcutaneously grafted with 1 × 106 Eca-109 cells. Tumor volumes were measured every 3 days for 27 days, as described in the Materials and
Methods. (A) Verification the overexpression of PRDX6 by Ad-PRDX6 in vivo. Western blotting showing the expression of PRDX6 in each group (Ad-RFP and
Ad-PRDX6). Relative expression of PRDX6 of each group was quantified by Image J. (B) Body weight of nude mice of each group. (C) Tumor volume growth curve
of each group. (D) Representative tumors from the mice of each group at the end time-point. (E) Immunohistochemical staining for PRDX6 and Ki67 in tumors from
each group. (F) Verification the silencing of PRDX6 by lentiviruses in vivo. Western blotting showing the expression of PRDX6 in each group. (G) Body weight of nude
mice of each group. (H) Tumor volume growth curve of each group. (I) Representative tumors from the mice of each group at the end time-point. (J)
Immunohistochemical staining for PRDX6 and Ki67 in xenografts from each group.

Then, nude mice were inoculated subcutaneously with Eca-109 cells pre-infected with lentivirus
targeting PRDX6 or control lentivirus (Fig. 7F). No
differential body weight between groups was
observed (Fig. 7G). As shown in Fig. 7H,
downregulation of PRDX6 significantly decreased
growth of Eca-109 xenografts, compared with the
control group. On day 27, compared with shRNA-NC
group, downregulation of PRDX6 (sh-PRDX6-2/3)
inhibited 42.07% and 76.08% of tumor volume,
respectively (Fig. 7I). Ki67-positive cells were
significantly decreased in Eca-109 xenografts in the
PRDX6 knock-down group (Fig. 7J). Taken together,
PRDX6 promoted esophageal cancer growth in vivo.

Discussion
Aberrant expression of PRDX family enzymes
has been reported in various kinds of cancers, and
thought to be biomarkers and targets of cancer cells
[31]. ROS are toxic to cancer cells and PRDX6 plays an
important role in peroxide detoxification. PRDX6 has
been shown to be dysregulated in breast, prostate and
lung cancers and modulate their progression
[20,23,24]. Fujita et al reported that PRDX6 autoanti-

body is a serum marker in esophageal squamous cell
carcinoma [32]. In the present study, we found that
the expression of PRDX6 was significantly increased
compared with normal esophageal tissues or adjacent
tumor tissues. ESCC cell lines (TE-1 and Eca-109) also
showed higher PRDX6 level than non-cancerous
esophageal cells (HET-1A). Moreover, the expression
of PRDX6 and proliferation-related markers was
correlated. In ESCC cells and tumors, preferred
nuclear distribution of PRDX6 was observed as
evidenced immunofluorescence and EGFP fused
PRDX6. In a recent study, Liu G et al found that
PRDX6 interacts with phosphoprotein nucleophosmin, which is mainly located in the nucleus [33]. In
renal α-intercalated cells, PRDX6 distribution is more
widespread in both cytoplasm and at the cell
periphery, which binds to the C-terminal tail of anion
exchanger 1 (AE1) [34]. These results indicate that
PRDX6 distribution may be cell-type specific and may
interact with different partner protein(s).
Besides eliminating ROS, PRDX6 has exhibited
multiple functions in the progression and treatment of
different cancers. In lung cancer, PRDX6 positively
regulates promotion of tumor development via the
http://www.jcancer.org
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activation of the JAK2/STAT3 pathway [35].
Consistent evidence is found in breast cancer cells
[24]. However, reduce levels of PRDX6 has been
found in papillary thyroid carcinomas, especially with
BRAF V600E cases [36]. In addition, PRDX6
expression is decreased in hepatocellular carcinoma,
which is associated with poor prognosis [37]. In
human ovarian cancer cells, PRDX6 overexpression
attenuates cisplatin-induced apoptosis [38]. However,
PRDX6 promoted apoptosis when treated with tumor
necrosis factor alpha (TNF-α) in hepatocellular
carcinoma cells, indicating a tumor suppressor [37]. In
this study, using human ESCC derived TE-1 and
Eca-109 cell lines, we found that PRDX6 promoted cell
proliferation and invasion. Without affecting the body
weight of nude mice, the proliferation of PRDX6 was
confirmed in ESCC xenograft model in vivo. We also
demonstrated that PRDX6 is involved in the
radioresistance of ESCC cells. Moreover, PRDX6
regulated the phosphorylation of Erk1/2. Yun HM et
al has reported that mutant PRDX6 (C47S) attenuated
Erk1/2 activity in lung cancer cells and nude mice
[23]. However, we also demonstrated that Erk1/2
activation positively affects PRDX6 expression, which
constitutes a positive feedback loop.
In summary, we found that the PRDX6
expression was significantly increased in ESCC tumor
tissues. Furthermore, PRDX6 overexpression increased the proliferation, metastasis and radioresistance of
ESCC cells. Thus, PRDX6 is involved in the
progression and radiosensitivity, which represents a
novel therapeutic target for ESCC treatment.
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