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Abstract
Background/Aims: Colorectal cancer (CRC) is the third most common type of cancer and the 
second leading cause of cancer-related deaths worldwide. PRDXs are antioxidant enzymes 
that play an important role in cell differentiation, proliferation and apoptosis and have diverse 
functions in malignancy development. However, the mechanism of aberrant overexpression 
of PRDX6 in CRC remains unclear. Methods: Boyden chamber assay, flow cytometry and a 
lentiviral shRNA targeting PRDX6 and transient transfection with pCMV-6-PRDX6 plasmid 
were used to examine the role of PRDX6 in the proliferation capacity and invasiveness of 
CRC cells. Immunohistochemistry (IHC) with tissue array containing 40 paraffin- embedded 
CRC tissue specimens and Western blot assays were used to detect target proteins. Results: 
PRDX6 was significantly up-expressed in different comparisons of metastasis of colorectal 
adenomas in node-positive CRC (P = 0.03). In in vitro HCT-116, PRDX6 silencing markedly 
suppressed CRC cell migration and invasiveness while also inducing cell cycle arrest as well 
as the generation of reactive oxygen species (ROS); specific overexpression of PRDX6 had the 
opposite effect. Mechanistically, the PRDX6 inactivation displayed decreased levels of PRDX6, 
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N-cadherin, β-catenin, Vimentin, Slug, Snail and Twist-1 through the activation of the PI3K/
AKT/p38/p50 pathways, but they were also significantly inhibited by PRDX6 transfectants. 
There was also increased transcriptional activation of dimethylation of histone H3 lysine 4 
(H3K4me3) of PRDX6 promoter via the activation of the PI3K/Akt/NFkB pathways. Conclusion: 
Our findings demonstrated that PRDX6 expression plays a characteristic growth-promoting 
role in CRC metastasis. This study suggests that PRDX6 may serve as a biomarker of node-
positive status and may have a role as an important endogenous regulator of cancer cell 
tumorigenicity in CRC. PRDX6 may also be an effective therapeutic target.

Introduction

Colorectal cancer, one of the most common cancers worldwide, is frequently categorized 
as a leading cause of cancer-related deaths. Death due to colorectal cancer, which arises from 
epithelial cells, usually results from uncontrolled metastatic disease [1]. Only a minority 
of CRC cases are detected at a stage early enough for potential treatment with medicinal 
therapies such as surgery, chemotherapy, and radiotherapy. Rapid tumor growth has the 
features of rapid progression and poor outcome [2], which is the major problem affecting 
CRC therapy; however, patients with vascular and lymph node metastases are not eligible 
for surgical therapy. The presence of positive lymph nodes, which distinguishes stage I/II 
from stage III CRC, is a particularly key factor in patient management [3]. During this period, 
the progression of CRC appears to follow a precise series of molecular events, requiring the 
accumulation in proto-oncogenes and aberrant tumor suppressor genes in these initially 
benign lesions [4]. Access to specimens of CRC at different stages of the malignancy has 
allowed the analysis of the molecular alterations most frequently associated with each step 
of the CRC [5]. Several clinical and experimental studies have shown that a loss of E-cadherin 
at the cell membrane surface is a key hallmark of epithelial-mesenchymal transition 
(EMT), and these studies have described a reverse relationship between E-cadherin and 
tumorigenicity [6]. In addition, EMT occurs widely in tumor cell invasion and metastasis, 
and the Phosphatidylinositol-3-kinase (PI3K)/Akt pathway has been shown to be critical 
in promoting cell survival, inhibiting apoptosis, and creating tumorigenicity (You et al., 
2009; Shin et al., 2010; Chen et al., 2012) [7]. These observations have led to studies on 
the potential mechanism for the association between EMT induction and the development 
of CRC metastasis, and to discussions concerning new biomarkers of node-positive status 
that underlie the signaling pathways that are altered in CRC and that are responsible for the 
initiation and progression [8].Peroxiredoxins (PRDXs), a ubiquitously expressed family of small (22-27 κDa) non-
seleno peroxidases that catalyze the peroxide reduction of H2O2, organic hydroperoxides 
and peroxynitrite, have emerged as having important physiological functions, including 
growth, survival, migration, and differentiation [9]. Several studies have indicated that PRDXs 
overexpression in cancer tissues strongly correlates with a more aggressive cancer behavior, 
tumor metastasis and the tumor-node-metastasis (TNM) stage, indicating a possible role 
in tumorigenesis progression [10]. PRDXs contain protein composed of 6 mammalian 
PRDXs, namely PRDX I to VI [11]. PRDX6 is expressed in almost all mammalian tissues and is 
highly expressed in solid organs. In some cancers, which might be attractive for solid organ 
tumorigenesis, PRDX6 created an altered redox environment between oxidant balance and 
cancer [12]. These data suggest that the mechanism by which PRDX6 exerts its oncogenic 
action in CRC is still poorly understood, and further studies are required.

Previous studies have indicated that CRC metastasis is a multistage process [12]. A 
previous report demonstrated that EMT is a transcriptional program that occurs normally 
during embryonic development and is characterized by changes in the expression levels for 
E-cadherin, a mediator of cell-cell adhesion, and other markers characteristic of mesenchymal 
and epithelial cells. In addition, another process that is frequently associated with metastasis 
is the epithelial-to-mesenchymal transition (EMT) [13]. A downstream effector of MAPK in 
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response to EMT is phosphorylated on PI3K/AKT/p38 pathways and regulates cell cycle 
progression by controlling the transcriptional output of several key genes, including CDK2 
with Cyclin E and CDK4 with Cyclin D1 [14]. However, no studies have documented a role 
for the PRDX6 signaling axis in the regulation of CRC cell growth. In the present study, we 
investigated whether experimental manipulation of PRDX6 expression in established CRC cell lines influenced invasion, survival, and EMT. We showed that the expression of PRDX6 
was upregulated in response to the activation of the PI3K/AKT/p38 pathways’ intracellular 
signaling cascades through histone H3 lysine 4 (H3K4me3) of the PRDX6 promoter, a well-known marker of transcriptional activation [15]. Our findings provide evidence of the 
molecular mechanism by which PRDX6 mediates an invasiveness pathway in colorectal 
cancer cells, suggesting associations of PRDX6 with lymph node metastasis.

Materials and Methods

Materials

All culture materials were purchased from Gibco (Grand Island, NY, USA). 3-(4, 5-dimethylthiazol-

2-yl)-2, 5-diphenyltetrazolium bromide (MTT), ROS scavenger (N-acetyl cysteine [NAC]), 2, 7-dichlorodihydrofluorescein diacetate (H2DCFDA), dihydroethidium (DHE), phosphoinositide 3-kinase 
inhibitor (wortmannin) and p38 MAPK inhibitor (SB203580) were purchased from Sigma (St. Louis, MO, 

USA). Mouse monoclonal antibodies against PRDX6, N-cadherin, b-catenin, Vimentin, Slug, Snail, Twist-1 and acetylation of H3 (Ac-Histone H3) at Lys 9 and Lys 14, and β-actin were purchased from Santa Cruz 
Biotechnology (Santa Cruz, CA, USA). Rabbit polyclonal antibodies against ERK1/2Thr202Tyr204, p38 

Thr180Tyr182, and phosphoinositide 3-kinase Tyr458 mouse/rabbit monoclonal antibody were purchased from 

Cell Signaling Technology (Beverly, MA, USA). The TdT-mediated dUTP Nick End Labeling (TUNEL) kits were 

from Roche (Germany). SDS, NP-40, sodium deoxycholate, protease inhibitor cocktails were purchased from 

Sigma (St. Louis, MO, USA). SDS, NP-40, sodium deoxycholate, protease inhibitor cocktails were purchased 

from Sigma.

Tissue samples and assessment of CRC tissue microarrays (TMAs)

Tissues from 40 cases of primary colorectal cancer from the Chang Gung Memorial Hospital, Chiayi, Taiwan, were surgically resected. Forty patients with CRC (18 node-negative, 22 node-positive), who 
underwent surgery without presurgical chemotherapy or radiation therapy from 2003 to 2006, were 

included (Table 1). The institutional review boards of the Chang Gung Memorial Hospital approved the 

study (IRB103-2992C/CGMH), and informed consent was obtained from all patients and the tissue bank, department of medical research. Written informed consent was obtained from each patient before surgery. 
The Ethics Committee of Chang Gung Memorial Hospital and 

our institute approved the protocol. The excised samples were 

obtained from polyp and cancer tissues within one hour of 

surgery. All excised tissues were immediately placed in liquid 

nitrogen and stored at -80°C for further analyses. The pathologist confirmed diagnosis of all samples used in the study. TMA used in the confirmatory studies represented 94 cases of eligible 
CRC specimens (14 node-negative, 22 node-positive) and was 

used for immunohistochemistry with anti-PRDX6 antibody. This 

TMA contained carcinoma samples in duplicate, with normal 

control colonic mucosa [16]. Immunostaining was assessed 

independently by a pathologist in a blinded manner. The staining 

of PRDX6 was scored as the product of the staining intensity (on a 

scale of 0–2: negative = 0, low= 1, high= 2) and the percentage of 

cells stained (on a scale of 0–3: 0 = zero, 1 = 1%–25%, 2 = 26%–

50%, 3 = 51%–100%), resulting in scores on a scale of 0–5 [17].

Table 1. Baseline characteristics of 

patients with colorectal cancer
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Cell culture

Human colon cancer cell line DLD-1 (CCL-221) and human colorectal carcinoma cell line HCT-116 

(CCL-247) were purchased from American Type Culture Collection (ATCC). DLD-1 cells were cultured in RPMI 1640 medium composed of 10% fetal calf serum (FCS) (S0113; Biochrom KG, Berlin, Germany) and 1% antibiotics (100 units/mL of penicillin and 100 μg/ mL of streptomycin) (Sigma Chemicals, St. Louis, 
MO, USA) and incubated at 37°C with 5% CO2. Adhered cells were washed twice with PBS. HCT-116 was cultured in DMEM supplemented with 10% heat-inactivated newborn calf serum at 37°C in a humidified 
5% CO2 incubator [18].

Generation of stably and transiently expressing PRDX6 colorectal cancer cell clone

HCT-116 cells were transfected with PRDX6 short hairpin RNA (shRNA) (sc-40835-v) or scrambled 

shRNA (sc-108084; purchased from Santa Cruz Biotechnology) lentiviral particles in 0.5 mL of serum-free 

media, then selected in 10 lg/mL puromycin for an additional 10 days (sc-108071; Santa Cruz Biotechnology). 

Surviving cell colonies were picked and cultured before testing for PRDX6 expression. In addition, for 

transient transfection, the cells (5×105) were plated in 6-well plates and transfection was performed with 

pCMV-6-PRDX6 tag plasmids, purchased from Origene, in serum-free medium that contained Lipofectamine Plus (Invitrogen, Carlsbad, CA, USA). Transfection efficiency was assessed by Western blot analysis [19, 20].
Cell cycle distribution analysis and reactive oxygen speciesChanges in cell morphological characteristics during apoptosis were examined using fluorescence microscopy of 4′,6-diamidino-2-phenylindole (DAPI)-stained cells. The monolayer of cells was fixed with 4% paraformaldehyde for 30 min at room temperature. The fixed cells were permeabilized with 3 treatments in 0.2% Triton X-100 in phosphate-buffered saline, followed by incubation with 1 μg/mL of DAPI for 30 min. The apoptotic nuclei were detected under 200× magnification using a fluorescent microscope with a 340/380 nm excitation filter and were scored according to the percentage of apoptotic nuclei found in samples containing 200 to 300 cells. Cell-cycle distribution was analyzed using flow cytometry. Cells stained with propidium iodide were analyzed with a FACScalibur™ (Becton Dickinson), and the data were analyzed using a mod-fit cell cycle analysis program [21].The intracellular accumulation of ROS was determined by using the fluorescent probes of 10 μM 2’, 7’-dichlorofluorescein diacetate (H2DCFDA, Molecular Probes) for the measurement of hydrogen peroxide (H2O2), and the cells were washed prior to FACS analysis. Cell Quest software (Becton Dickenson) was described earlier. The results were presented as a percentage of the fluorescent intensity compared with 

the control sample [22].

Preparation of total cell extracts and immunoblot analyses

Cells were lysed with a buffer containing 1% NP-40, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate (SDS), and a protease inhibitor mixture (phenylmethylsulfonyl fluoride, aprotinin, and sodium orthovanadate). The total cell lysate (50 μg of protein) was separated by SDS-polyacrylamide gel 
electrophoresis (PAGE) (12% running, 4% stacking) and analyzed by using the designated antibodies and the Western-Light chemiluminescent detection system (Bio-Rad, Hercules, CA, USA). The area of the 
photo images in immunoblot was determined by measuring the numbers of pixels using ImageGauge 3.46 software (Fujifilm, Inc.) as previously described [23]. Through quantitative analysis of fluorescence assays 
using ImageJ, images were captured on the hard drive of the workstation computer [22].

Matrigel invasion assay and scratch assays

A straight wound line, a scratch (4 mm), was made in the monolayer of the cells by plating cells in a 

6-well culture dish. The cells were transfected with lentiviral shRNA targeting PRDX6 (siPRDX6) or PRDX6 

plasmid, and the wound line was monitored for 24 h. Pictures of cells along the wound line were taken by 

phase-contrast microscope, and Openlab v3.0.2 image analysis software (Improvision, Coventry, UK) was used to quantify the area progressively filled with cells over the period of the experiment [23].
The Boyden chamber assay used for the analysis of tumor cell invasion is based on a chamber with two medium-filled compartments as described before.19 Cells (1×105/ml) in serum-free medium were added 

to an inner cup of the 48-well Transwell chamber (Corning Life Sciences, Corning, NY, USA) that had been coated with 50 µl of Matrigel (BD Biosciences, Franklin Lakes, NJ, USA; in serum-free medium). Medium 
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supplemented with 10% serum or indicated agent was added to the outer cup. Cells were allowed to migrate for 24 h, and then the membrane was fixed and stained with modified Giemsa stain (Sigma-Aldrich). The 
human HCT-116 cells and DLD-1 cells on the lower side of the membrane were counted using a light microscope at 200× magnification. The number of cells that migrated to the lower side of the membrane 
was determined.13 Five random fields that migrated to the lower side of the membrane in each well were counted, and the average number/field from triplicated wells was plotted [24].

Chromatin immunoprecipitation (ChIP) analysis

HCT-116 cells were cross-linked with 1% formaldehyde in the medium at room temperature for 10 

min, followed by the addition 125 mM glycine at room temperature for 5 min, and then scraped into sodium 

dodecyl sulfate (SDS) lysis buffer (50 mM Tris-HCl [pH 8.1], 1% SDS, and 10 mM EDTA) with antibodies against H3K4me3 and IgG. Soluble lysate was rotated with 2 μl antibody overnight at 4°C with protease inhibitors (1 μg/ml leupeptin, aprotinin and pepstatin A, 1 mM phenylmethylsulfonyl fluoride [PMSF]). 
Immunoprecipitated complexes were eluted with elution buffer (50 mM Tris-Cl [pH 7.5], 1 mM EDTA, 1% SDS), and cross-links were reversed by incubation for at least 2 h at 65°C. DNA was purified by ChIP DNA 
Clean & Concentrator Kit (Zymo) and DNA enrichment was measured by quantitative PCR analysis. To analyze 

the Prdx 6 promoter region, primer sets consisting of the promoter region (position-530 to -328 from the translation start site, forward: 5’- AGCACTGACATTGGTACGGG-3’, reverse: 5′AGCTCCCTACAGAGGAGTGG-3’) were used. The amplification reaction was performed under the following conditions: 40 cycles of 
denaturation at 94°C, annealing at 60°C, and extension at 72°C. Disassociation curves were generated after each PCR was run to ensure that a single product of appropriate length was amplified. The mean CT ± SE 
was calculated from individual CT values obtained from triplicate determinations per stage. The normalized mean CT was estimated as ΔCT by subtracting the mean CT of input from that of the individual region [25].

Statistical analysis

The experiments were performed in triplicate independent experiments, and data were presented as three repeats from one independent experiment. Data were reported as the mean ± standard deviation and evaluated by one-way ANOVA. Significant differences were established at P < 0.05 [25]. Differences in the distribution of the staining score between the groups were assessed using the Mann-Whitney U test. 
Probability values (p) less than 0.05 (P < 0.05) were considered as statistically significant. Analysis was 
performed with SPSS software (version 10.0; SPSS, Chicago, IL, USA) [26].

Results

PRDX6 expression patterns on TMAs
To identify the potential role of PRDX6 in CRC, we evaluated 40 CRC samples of CRCs stratified by node status tumor tissues. We collected CRC samples from 18 node-negative 

and 22 node-positive patients (Table 1). Each CRC sample was paired with a duplicate from the same patient at the time of resection. Significance analysis of microarrays was used to evaluate each intergroup. We further investigated the correlation between PRDX6 expression 
and node status in a larger, independent patient cohort by immunohistochemical staining 
of TMAs. TMAs from two sources, representing 40 eligible cases from different geographic regions in a limitation, were analyzed. Fig. 1 shows the representative patterns of PRDX6 
staining in the cytoplasm. Using a 0–5 scale representing a combination of staining intensity 
and fraction of cells stained, an increased frequency of high-level PRDX6 expression in node-
positive CRC was seen in this intergroup. The distribution of scores for the node-negative and node-positive groups was significantly different statistically, based on a Mann-Whitney U 
test (P = 0.03; Table 2) [26]. These findings indicate that PRDX6 expression might contribute 
to CRC progression and be a potential therapeutic target of this disease.

http://dx.doi.org/10.1159%2F000495934
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Effects of PRDX6 on cell invasion 
and survival
To establish stable colon cancer 

cell lines continuously to determine 
the potential mechanisms by which 
PRDX6 might promote metastasis in 
CRC, HCT-116 cells were transfected 
with PRDX6 short hairpin RNA 
(shRNA) or scrambled shRNA lentiviral particles. We next studied the effect of 
an altered PRDX6 expression level on 
biologic processes that are relevant to 
metastasis in human HCT-116 stably expressing PRDX6. We determined a 
number of CRC cell lines for the PRDX6 
level and selected HCT116 or DLD-1 for 
studies based on their moderate levels 
of endogenous PRDX6 expression that could be operated genetically. From 
our study, using the scratch-wound 
assay, with a lasting rapid movement, down-regulation of PRDX6 by specific 
shRNAs (siPRDX6) resulted in a marked 
reduction of the HCT-116 cell migration 
front compared with the control siRNA-
transfected (siControl) or untreated 
group (Control) at 24 h (*#p < 0.05, Fig. 
2A). The Boyden chamber assay was 
used to evaluate the in vitro migration 
and invasion effect of siPRDX6 
associated with the aggressive status of 
siControl HCT-116 cells. Knockdown of 
PRDX6 reduced the invasion by more than 30% in the siControl-transfected cells and by 25% 
in the control cells (*#p < 0.05, Fig. 2B). The EMT is the cell intermediate filament system of 
switches that connects to adherens junctions and to focal adhesions [27]. Typical elements 
of the EMT include loss of expression of proteins associated with adhesive junctions (such as E-cadherin). Down-regulation of PRDX6 significantly increased the expression of E-cadherin compared with the sicontrol-transfected cells or the untreated group (Control) (Fig. 2C). 
However, while transient transfection with PRDX6 recovered plasmid in the PRDX6+siPRDX6 group, it significantly restored the capability of CRC invasion, survival and E-cadherin expression to HCT-116 siPRDX6 knockdown cells (Fig. 2).

Effects of PRDX6 expression on cell cycle checkpoint and epithelial mesenchymal markers
The eukaryotic cell cycle control system incorporates a complex process that monitors 

and dictates the progression by which these checkpoints are frequently dysregulated 
in cancer [28]. Cell cycle analysis to assess whether PRDX6 is involved in the cell cycle 
distribution of HCT-116 cells revealed that siPRDX6-transfected cells induce G1/S arrest in 
HCT-116 cells. These data suggest that PRDX6 inactivation induces G1 and S arrest by 75% 
and 12%, respectively. Similarly, as expected, transient transfection with PRDX6 reversed to 
HCT-116 siPRDX6 knockdown cells by approximately 58% and 21% in the PRDX6+siPRDX6 group (Fig. 3A). PRDX6, is highly expressed in cancer cells and transcriptionally regulated by 
various oxidative stresses and signaling regulators [29]. PRDX6 plays an important role in 
the oxidative stress response, as an anti-apoptotic function, and then loss of Prdx6 increases 
susceptibility to oxidative stress [30]. Previous studies found that peroxiredoxin (PRDX6) 

Fig. 1. Illustrations of hematoxylin and eosin staining 

and immunohistochemistry of PRDX6 on CRC tissue 

microarrays.

 
  

Table 2. Summary of PRDX6 expression on tissue 

microarrays
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Fig. 2. Effects of PRDX6 inactivation on in vitro cell migration and invasiveness of human colorectal 

cancer cells. (A) HCT-116 cells were transfected with lentiviral shRNA targeting PRDX6 (siPRDX6) or 

nontargeting control (siControl); meanwhile, the cells were transfected with PRDX6 plasmid followed by 

24 h (PRDX6+siPRDX6) and the migration for 6, 12 and 24 h using the scratch-wound assay was visualized as described in “Methods.” The percentage of surface area filled by the HCT-116 cells was subsequently quantified by densitometric analyses relative to the control, which was set at 100% in the photograph. Data 
are presented as means ± SD based on three independent experiments. The experiments were performed in 

triplicate, and data are presented as means ± SD. *P<0.05, compared with the control group for 6 h. #P<0.05, 

compared with the control group for 12 h. &P<0.05, compared with the control group for 24 h. (B) PRDX6 

knockdown on invasiveness of HCT-116 cells. Cells were transfected with various shRNA. Invasion for 24 

h through a layer of matrigel was determined by the Boyden Chamber method as described in “Methods.” 

The lower and upper chemotaxis cells were separated by a polycarbonate membrane. Microscopy images detected cells that migrated into the inner membrane. Magnification: × 200. The cell migration was quantified by counting the number of cells that migrated into the inner membrane. The control cells 
remained untreated. The experiments were performed in triplicate, and data are presented as means ± SD. The symbol * indicates means that are significantly different when compared to the control group with 
P<0.05, respectively. (C) HCT-116 cells were transfected with various shRNA for the indicated times, and immunofluorescence analysis showed expression of markers E-cadherin in the parental cell line of HCT-116 
as described in “Materials and Methods”.
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6 participates in activation 
of NADPH oxidase (Nox) 
enzymes in human 
endothelial cells. Nox1 
complex is most abundant 
in colon epithelial cells 
[31, 32] and participates 
in mucosal cell migration, 
wound healing, and 
epithelial homeostasis, 
which binds to PRDX6 and 
activate NADPH oxidase Nox1. We also investigated 
the association of PRDX6 
with the Nox1 complex, 
whether Prdx6 may have 
increasing effects on 
superoxide generation 
by Nox1. Extracellular superoxide release was detected by using the fluorescent probes of H2DCFDA. The results 
of down-regulation of PRDX6 (siPRDX6) reduced the generation of ROS compared to the 
invasiveness of the untreated group (Control) HCT-116 cells, indicating the involvement 
of PRDX6 in cell sensitivity by free radicals. Transient transfection with PRDX6 rescue plasmid restored free radical susceptibility of the PRDX6+siPRDX6 group cells (Fig. 3B). 
In addition, the results of down-regulation of PRDX6 reduced the Prdx6 and Nox1 protein 

Fig. 3. Effect of PRDX6 inactivation 

on cell cycle distribution in HCT-

116 cells. (A) After treatment with shRNA for 24 h, the cells were fixed 
and stained with propidium iodide, 

and the DNA content was analyzed by flow cytometry (FACS). The 
cell number percentage in each 

phase (G1, S, and G2/M) of the 

cell cycle was calculated and (B) 

intracellular ROS were determined by FACS analysis as described 
in “Materials and Methods.” 

Representative histograms were typical for H2DCFDA profiles. The 
production of ROS was expressed 

as the fold of the control group. 

(C) Lysates from control, siPRDX6 

and PRDX6+siPRDX6 clones 

of HCT-116 cells were used 

for western blot analysis. Data 

presented in the western blot are 

derived from a representative 

study for the indicated time 24 

h. The association of PRDX6 

with Nox1 was determined by 

immunoprecipitation followed by 

western blot with antibody.
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levels in these cells when compared with HCT-116 cells (CL). In this case, transient 
transfection with PRDX6 rescue plasmid restored PRDX6 and Nox1 components and superoxide generation when compared with siPRDX6 transfectant (Fig. 3C), indicating the 
activation of PRDX6 led to higher levels of these Nox1 components and higher superoxide generation. However, further findings may determine that PRDX6 promotes cell motility, 
migration, and invasion and ROS production in HCT-116 cells and then aberrant ROS, such 
as the superoxide radical contribution to cancer progression and metastases is mostly due 
to ability to affecting EMT via phosphoinositide 3-kinase, and Akt signaling [33]; therefore, 
PRDX6 was the most abundant and widely distributed member of the mammalian Prxs [29, 
30 ,34]. The pathophysiological role of CRC in its appearance in tumor cells of epithelial 
origin is consistent with the engagement of the EMT, but the process by which tumor cells acquire a more aggressive phenotype remains unclear. The Western blotting assay was used 
to evaluate the EMT-related proteins in in vitro migration and the invasion effect of PRDX6 
with the aggressive status of HCT-116, siControl, siPRDX6 as well as PRDX6+siPRDX6 cells. 
Epithelial–mesenchymal transition (EMT) is a key developmental process often activated during cancer invasion and metastasis [35]. As shown in Fig. 4, these results demonstrated 
that the PRDX6 shRNA can effectively knock down PRDX6 expression at the protein level and be used to study PRDX6-mediated effects. PRDX6 inactivation significantly decreased the 

Fig. 4. PRDX6 inactivation 

inhibited tumorigenicity 

and metastasis in vitro and 

modulation of cell cycle–related 

proteins in HCT-116 cells. Lysates 

from control, siControl, siPRDX6 

and PRDX6+siPRDX6 clones 

of HCT-116 cells were used for Western blot analysis. Data presented in the Western blot 
are derived from a representative 

study, and comparisons of protein 

expression are calculated from 

three replicate experiments for 

the indicated time of 18 h. The 

effect of PRDX6 knockdown on 

the protein levels of PRDX6, 

N-cadherin, b-catenin, Vimentin, 

Slug, Snail, Twist-1 and β-actin were detected with the indicated antibodies. The association of CDK2 with 

Cyclin E and the association of CDK4 with Cyclin D1 were determined by immunoprecipitation followed by Western blot with antibody.

 
  

Fig. 5. Effect of PRDX6 inactivation 

on the activation of PI3K/AKT/p38 pathway and expression of p50 NFκB. 

HCT-116 cells were transfected with 

lentiviral shRNA PRDX6 (siPRDX6) 

or nontargeting control (siControl); 

meanwhile, the cells were transfected 

with PRDX6 plasmid, PRDX6+siPRDX6. Whole cell lysate proteins for the 
indicated time of 18 h were prepared and analyzed by Western blot, with β-actin 

serving as the loading control. Cell lysates were analyzed by 10% SDS-PAGE and subsequently treated with antibodies against phosphorylation of PI3K, AKT, p38, p50 and NFκB.  
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expression of EMT-related proteins, including N-cadherin, b-catenin, Vimentin, Slug, Snail, 
and Twist-1, rather than in the PRDX6-transfected siPRDX6 cells, PRDX6+siPRDX6 group. The results from these experiments confirmed that PRDX6 expression has a pivotal role in 
tumor metastasis, showing that it is actively implicated in the phenotype and function of 
EMT during cell proliferation and metastasis initiation in CRC cancer progression.

PI3K/Akt/p38 signaling pathways mediated histone modification of PRDX6 promoter
Previous studies have shown that EMT activation involves more pleiotropic signals, 

as in the case of reactive oxygen species produced in response to signal transducers [36]. 
EMT can be regulated by several signaling pathways including SMADs, signal transducers 
and activators of phosphoinositide 3-kinase (PI3K)/Akt, and mitogen-activated [37, 38]. 
Therefore, in this study, we aimed to examine whether the cross talk between the p38 
and PI3K/Akt pathways could mediate the EMT process by regulating PRDX6 expression 
in HCT-116 cells. To evaluate the effect of an altered PRDX6 expression level on biologic 
processes relevant to the molecular mechanism involved in the PI3K/Akt/p38 signaling pathways of CRC, we checked the protein levels p-PI3K, p-Akt, p-p38 and NFkB p50 in HCT-116 cells by Western blot analysis. We observed that PRDX6 shRNA significantly increased the expression of p-PI3K, p-Akt, p-p38, NFkB p50 in human HCT-116 and siControl, which are widely used as a model for studies of cell signaling and invasion (Fig. 5). To elucidate 
the exogenous PRDX6 transfected cell lines, we transfected with the PRDX6 expression vector in siPRDX6 HCT-116 cells (RDX6+siPRDX6). We found that these cells exhibited markedly increased protein levels p-PI3K, p-Akt, p-p38 and NFkB p50 (Fig. 5). Previous study has shown that methylation modifiers also modulate methylation at histone H3 lysine 
4 (H3K4me3), including key effectors and components in cellular PI3K/Akt/p38 signaling 
pathways that regulate cell proliferation, growth, and survival [39]. To investigate the role of 
the PI3K/Akt/p38 signaling pathways or endogenous ROS in regulating histone modification 
of PRDX6 promoter, we performed ChIP to analyze the change in histone methylation (H3K4me3) following treatment with HCT-116 cells [40]. As shown in Fig. 6, HCT-116 cell 
lines were incubated with inhibitors, including ROS scavenging NAC (1 mM), PI3K/AKT inhibitor wortmannin (10 μM), and p38 MAPK inhibitor SB203580 (30 μM). This resulted 
in a decreased trimethylation of histone H3 lysine 4 (H3K4me3), a well-known marker of 
transcriptional activation. Taken together, the results showed that PRDX6 expression in HCT-
116 cells is essential to involvement in the PI3K/Akt/p38 signaling pathways or endogenous 
ROS signaling mediated cell survival and metastasis.

Fig. 6. Effect of the kinase inhibitors in blocking histone modification of PRDX6 promoter. HCT-116 cells were incubated with various concentrations of the specific 
inhibitors NAC, wortmannin and SB203580 for 24 h. 

Next, the chromatin immunoprecipitation (ChIP) assays 

were performed by using antibodies against Histone H3 

(H3K4me3) to pull down associated DNA. The precipitated DNA was amplified by PCR using primer sets specific to the 
target sites (-530/-375) of PRDX6 promoter. Input DNA was amplified as a loading control. DNA pulled down by 
the anti-IgG antibody was served to identify background amplification. The quantitative data were presented as the 
mean of three repeats from one independent experiment. 

The data were presented as mean ± SD of three independent 

experiments. *P<0.05, compared to the control group.
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Discussion

CRC is one of the most commonly occurring malignant tumors in the digestive tract. 
CRC has posed a substantial threat to the health of numerous patients worldwide. Although 
important advances have been made in the area of CRC treatment methods, the promising 
molecular biomarkers involved in the diagnosis, prognosis and prediction in early- or late-
stage CRC remain rather poor [41, 42]. Peroxiredoxins (PRDXs) are a ubiquitously expressed family of small (22-27 κDa) non-seleno peroxidases that catalyze the peroxide reduction, 
currently known to possess six isozymes, namely, PRDX1–6 in mammalian systems. PRDXs are also a novel sensitive and highly specific marker for metastatic tumors in in vitro or in 
vivo models [30]. Previous studies have reported findings in regard to the high expressions 
of PRDX6 in certain cells, indicating that PRDX6 may be involved in the cancer’s development 
[29]. Based on these reports, this study aimed to survey the effects of PRDX6 expression in 
tissues on the diagnosis and prognosis in human CRC specimens of positive lymph nodes, which distinguish stage I/II from stage III/VI CRC. We used IHC of TMAs as a high throughput 
method, containing 40 tissue specimens to evaluate the correlation between PRDX6 and node status (Table 1, Fig. 1). Our study’s results indicated PRDX6 as showing significant promise as a novel marker for the diagnosis and prognosis of CRC patients (Table 2, Fig. 
1). It has been previously reported that epithelial-mesenchymal transition (EMT), which 
modulates cancer progression and metastasis, has been involved in aberrant ROS levels 
driving signaling pathways due to a loss of proper redox control [43]. Their contribution to 
cancer progression and metastases is mainly due to their association with cell proliferation, EMT and apoptosis through PI3K/AKT/p38/p50 [38]. Furthermore, previous studies also 
demonstrated that abnormal expression of PRDX6, an indication of its tumor-promoting 
effects, was found in breast cancer, bladder cancer, ovarian cancer, pancreatic cancer and 
other tumors [44, 45, 46, 47]. PRDX6 is an important regulator of the invasiveness state and 
survival, not only in several types of normal cells, but also in cancer cells, and it possibly 
indicates a worse prognosis of clinical prostate cancer with radical prostatectomy [46]. In 
this study, we established a knockdown of the PRDX6 cell line, siPRDX6, and evaluated the 
biological characters’ cell invasion, survival and EMT-associated markers. Interestingly, we determined that inactivated PRDX6 cells significantly showed more features associated with 
decreasing migratory and invasive potential compared to parental cells in vitro (Fig. 2). The 
alteration of PRDX6 in siPRDX6 cells was found to be associated with the downregulation of the expression of N-cadherin, β-catenin, Vimentin, Slug, Snail and Twist-1, and inactivation of the PI3K/AKT/p38/p50 pathways (Fig. 4, Fig. 5). PRDX6, a promoter-selective regulator 
of transcription, is distributed in all organs and essentially in all cell types [40]. Having an 
ability to regulate the transcription of other genes and the tumor microenvironment, the TGF-β/SMAD signaling pathway and the epigenetic pathway provide a mechanism by which PRDX6 might broadly influence the processes relevant to metastasis. Further study will be 
needed to determine whether PRDX6 is mediated [7].TGF-β/SMAD signaling has a complex role in CRC progression and diagnosis. It has a 
role in the activation of the p38-MAPK and PI3K/Akt, and changes in the expression of these 
cell-cycle regulatory proteins might decrease the phosphorylation of Rb that results in G1-S 
transition and cell proliferation [14, 28]. Studies in a variety of experimental systems have demonstrated ROS induction and activation of TGF-β/PI3K/AKT/p38 and their involvement 
in the modulation of gene transcription [7]. ROS levels and thereby abnormal expression and activation of NFκB p50 may be a major underlying mechanism for pathologic and 
abnormal physiologic changes in cells with induced levels of cytoprotective protein PRDX6. Additionally, the PI3K/AKT/p38/p50NFκB pathway might be directly induced to leading to CRC cell cycle proliferation and invasion [38, 39]. Previous findings suggested that the 
deregulation of cyclin D1 and cyclin E complexes’ expression and activation directly lead to 
some cancer hallmarks by inducing cell cycle distribution [14, 28]. More-recent studies that we have conducted have also defined PRDX6 inactivation induced cell cycle G1 arrest with 
a decrease in the association of the CDK2/cyclin E and CDK4/cyclin D1 complexes directly 
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implicated in cell survival, which is consistent with previous reports. Consistently, our present 
work demonstrated that PRDX6 re-expression accelerated the cell cycle transition, which 
is similar to the effects shown in numerous other studies with respect to PRDX6 control of tumorigenesis (Fig. 3). Numerous histone post-translational modifications contribute to 
chromatin and gene regulation, the tri-methylation of histone 3 lysine 4 (H3K4me3) is a well-
established marker of active transcription [48] and associated enzymes in the pathogenesis 
of CRC have been implicated in oncogenesis and cancer-related functions [49]. Histone 
methylation not only regulates many biological functions, including gene transcription, nucleosomal positioning, DNA replication and repair, but also influences the carcinogenesis 
of cancers by affecting various cancer pathways. Moreover, we have shown the role of 
PRDX6 in mediating CRC development via ROS and PI3K/Akt signaling pathways involved in 
methylation at histone H3 lysine 4 (H3K4) of PRDX6 promoter transcriptional activation in HCT-116 cells (Fig. 6) [40, 44]. Several studies have reported increases in ROS levels leading 
to a number of human diseases, such as cancer, because of over-ROS-mediated PRDX6 expression and activation of such factors as TGF-β and PI3K/AKT/p38/p50 pathways; it has 
also been shown that PRDX6 promoter has various putative regulatory elements [7, 13, 37]. Further work is needed to explore the role of transcriptional factors, particularly in PRDX6 
regulation. A cohort study with a greater number of human CRC tissues and an examination 
to investigate the association with invasiveness are also needed.

Recently, peroxiredoxins have an important function in carcinogenesis, suggesting a 
possible role in cancer cell maintenance. Park et al. [29] have demonstrated that the dual action of PRDX6 in tumorigenesis, depending on increased level of PRDX6. We determined 
that an attempt to identify PRDX6 and validated that the phenotype in CRC is offered by the modulation of PRDX6. We hypothesized that CRC cells would exhibit up-expression of PRDX6 
in otherwise normal cells may be tumorigenic in CRC tissues compared with metastasis of 
colorectal adenomas in node-positive CRC, as observed in immunohistochemical staining 
of tissue microarrays while loss of PRDX6 suppressed PI3K/AKT/p38/p50 signaling 
pathways that resulted in down-regulation of epithelial-mesenchymal transition (EMT) proteins N-cadherin, β-catenin, Vimentin, Slug, Snail and Twist-1. PRDX6 suppression in 
CRC cells alter cell-cycle regulatory proteins CDK2/cyclin E and CDK4/cyclin D1 complex 
leads to inhibition of tumorigenicity, migration, invasion, and metastasis. In this study, we 
determined by immunohistochemical staining of CRC TMAs that in the case of HCT-116 cells, 
a loss of PRDX6 expression in CRC promotes cancer cell progression and metastasis. The 
present investigation provides a molecular mechanism demonstrating the role of PRDX6 in 
mediating CRC cancer cell proliferation and migration/invasion. PRDX6 overexpression in 
many human cancers, serving a potential prognostic marker, regulated cell-cycle regulatory 
proteins and its transcriptional induction by oxidative stress via increased activity of redox-
sensitive transcription factors and activation of PI3K/AKT/p38/p50 signaling pathways, 
which are able to interact with the PRDX6 gene promoter region and/or increased oncogenic 
activity present in cancer cells leading to cancer progression [29, 34, 44, 34]. These data 
suggest that the levels of PRDX6 and Nox1 components are closely linked positively regulates NADPH oxidase Noxa1 activity involved in superoxide generation (Fig. 3B, Fig. 3C). PRDX6 
expression serve as a biomarker of node-positive status and may have a role as an important 
endogenous regulator of cancer cell tumorigenicity in CRC through the activation of 
endogenous ROS and the PI3K/AKT/p38/p50 pathways. Recently, the NADPH oxidase (Nox1 
enzyme complex) was shown to direct colon epithelial cell migration and wound healing through the VEGF receptor type2 (VEGR2, KDR/Flk1) and Akt, p38 MAP kinase and PAK 
(p21-activated kinase) mediated pathways previously, plays a critical role in the correlation 
with CRC cancer migration, invasion and epithelial-mesenchymal transition [48]. Nox1 is 
most abundant in colon epithelial cells  and participates in epithelial cell migration, while 
inappropriate or excessive ROS production can damage surrounding tissues and promote inflammation, the activity of NADPH oxidases is subject to tight regulation [50]. Here, we 
show PRDX6 as a novel regulator of Nox1-based superoxide generation and activated cells 
survival and aggressive pathways in colorectal cancer cells, which appears to involve the ROS 
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PRDX6 was involved in methylation at histone H3 
lysine 4 (H3K4) of PRDX6 promoter in HCT-116 cells. In addition, Prdx6 deficiency results in destabilization 
of Nox1 components, whereas PRDX6 rescue plasmid 
restored increasing levels of oxidase activity. These 
results highlight a novel pathway in which PRDX6 
supports the oxidant-generating activity of Nox1 to 
promote cell migration which PRDX6 recruitment 
into the Nox1 complex. PRDX6 modulates Nox1-
dependent activation and migration of HCT-116 cells 
and then future work determine whether proposes 
that PRDX6 has a role in the expression of NOX1 
protein, which may suggest novel strategies for 
therapeutic intervention.

Conclusion

Our results imply that PRDX6 mediated cell survival and aggressive pathways in colorectal cancer cells via ROS and PI3K/Akt/NFkB 
signaling pathways and that PRDX6 was involved in methylation at histone H3 lysine 4 (H3K4) of PRDX6 promoter in HCT-116 cells (Fig. 7). This study provides evidence that PRDX6 expression in established CRC cell lines influenced invasion, survival, and EMT, and it 
also shows that PRDX6 may participate in the regulation of the tumorigenicity.
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