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Abstract

AIM: To investigate the expression characteristics of peroxiredoxin 1 (PRDX1) mRNA and protein in liver cancer cell lines and tissues. 
METHODS: The RNA sequencing data from 374 patients with liver cancer were obtained from The Cancer Genome Atlas (TCGA). And the expression and clinical characteristics analysis of PRDX1 mRNA was firstly evaluated in this dataset. The Kaplan-Meier and Cox regression survival analysis was performed to determine the relationship between PRDX1 levels and patient survival. Subcellular fractionation and Western blotting was used to demonstrate the expression of PRDX1 protein in 6 liver cancer cell lines and 29 paired fresh tissue specimens. After bioinformatics prediction, a putative post-translational modification form of PRDX1 was further observed using immunofluorescence under confocal microscopy and immunoprecipitation analysis in liver cancer cells. 
RESULTS: The mRNA of PRDX1 gene was up-regulated ~1.3-fold in tumor tissue compared with the adjacent non-tumor control (P = 0.005). Its abundance was significantly higher in men (P < 0.001). High levels of PRDX1 mRNA were associated with a shorter overall survival time (P = 0.04), but not with recurrence-free survival. The Cox regression analysis demonstrated that patients with high PRDX1 mRNA showed about 1.89-fold increase of risk for death (P = 0.03). In liver cancer cells, PRDX1 protein was strongly expressed with multiple different bands. The theoretical molecular weight form almost existed in the cytosol fraction, whereas two higher molecular weight bands were occurred in the membrane/organelle and nuclear fractions. Importantly, the theoretical PRDX1 band was increased, whereas the high molecular weight form was down-regulated in tumor tissues. The subsequent experiments revealed that the high molecular weight bands of PRDX1 might result from the post-translational modification by SUMO1. 
CONCLUSION: PRDX1 was overexpressed in the tumor tissues of liver cancer and serves as an independent poor prognostic factor for overall survival. PRDX1 can be modified by SUMO to play specific roles in hepatocarcinogenesis.
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© The Author(s) 2015. Published by Baishideng Publishing Group Inc. All rights reserved.
Core tip: Peroxiredoxin 1 (PRDX1) is an antioxidant enzyme, thus it is considered as a tumor suppressor gene. However, recently, various evidences revealed that PRDX1 can act in a manner independent of its peroxide detoxifying function. Therefore, it plays dual roles on tumourogenesis. Here, we found that PRDX1 was overexpressed in liver cancer at the transcriptional level and it was an independent unfavorable prognostic factor for overall survival. In liver cancer cells, PRDX1 experienced a novel post-translational modification by SUMO. The downregulation of sumoylated PRDX1 in tumor might participate in hepatocarcinogenesis. It seems like that it represents a prognostic biomarker and therapeutic target.
Sun YL, Cai JQ, Liu F, Bi XY, Zhou LP, Zhao XH. Aberrant expression of peroxiredoxin 1 and its clinical implications in liver cancer. World J Gastroenterol 2015; In press

INTRODUCTION
Liver cancer is the second leading cause of cancer death worldwide, accounting for about 9.1% of total cancer deaths. It was estimated that 782500 new cases and 745500 deaths occurred worldwide in 2012, and China alone accounts for about 50% of the total number of cases and deaths[1]. Overwhelmingly, chronic infection with hepatitis B or C virus, alcoholic liver disease, and nonalcoholic fatty liver disease are the major risk factors of liver cancer
 ADDIN EN.CITE 

[2]
. The exposures of these factors generally contribute to the multistep development of liver cancer due to the extensive oxidative stress, liver inflammation and immune response[3]. Among them, reactive oxygen species (ROS) can promote many aspects of tumor development and progression via oxidative DNA and protein damage, lipid peroxidation, damage to tumor suppressor genes and enhanced expression of proto-oncogenes etc.[4]. 
Under normal physiological conditions, the intracellular ROS are detoxified by non-enzymatic molecules (i.e., glutathione, flavenoids and vitamins A, C and E) or antioxidant enzymes. There are at least five families of antioxidant enzymes with specifically scavenging capacity, including superoxide dismutases, catalases, peroxiredoxins, thioredoxin and glutathione system etc.[4]. Among them, peroxiredoxins (PRDXs) use thioredoxin as electron donor to catalyze the reduction of hydrogen peroxide, organic hydroperoxides and peroxynitrite. Mammalian cells express six isoforms of PRDXs which are classified into three subfamilies based on the location or absence of the essential catalytic cysteine (Cys) residue, 2-Cys (PRDX1, 2, 3, 4), atypical 2-Cys (PRDX5), and 1-Cys (PRDX6). PRDX1 is the most abundant and ubiquitously distributed isoform. 

Notably, recent evidence suggests that hydrogen peroxide can also be served as messenger molecule in many mammalian cell types for the purpose of intracellular signaling in response to stimulation
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[4-7]
. It oxidizes the critical residues of its effectors, as exemplified by the inhibition of protein-tyrosine phosphatases and the tumor suppressor PTEN (phosphatase and tensin homolog)
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[8,9]
. Actually, PRDX1 has been reported to intermediate cell signaling via oxidizing several signaling proteins
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[10-12]
, and then regulates cell proliferation, differentiation, apoptosis, migration, angiogenesis and senescence
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[12-15]
. Therefore, PRDX1 has a double-edged influence on tumorigenesis. On the one hand, it functions as a tumor suppressor gene. Prdx1-/- mice have a shortened lifespan due to severe haemolytic anaemia and several malignant cancers, including liver cancer
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[16]
. In Prdx1-/- fibroblasts and mammary epithelial cells, it acts as a safeguard for the lipid phosphatase activity of PTEN to suppress H-Ras and ErbB-2-induced cell transformation
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[17]
. On the other hand, PRDX1 can act in a manner independent of its peroxide detoxifying function. The high level of PRDX1 was associated with a high potential for recurrence in squamous cell carcinoma of the tongue
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[18]
, and diminished overall survival and disease-free survival in gallbladder cancer, ovarian serous carcinomas, lung cancer, and pancreatic cancer
 ADDIN EN.CITE 

[19-22]
. In addition, inhibition of PRDX1 increases radio- and chemosensitivity in glioma and lung cancer
 ADDIN EN.CITE 

[23-26]
. In prostate cancer, it also enhances the transactivation of androgen receptor
 ADDIN EN.CITE 

[27]
. 
In liver cancer, the overexpression of PRDX1 mRNA and protein had been observed in limited clinical specimens. And increased PRDX1 expression was associated with tumor angiogenesis, progression and TRAIL resistance and served as an independent poor prognosis factor
 ADDIN EN.CITE 

[28,29]
. Silencing PRDX1 in HepG2 cells partially reversed the tumor phenotype via the downregulation of proteins involved in cell proliferation and differentiation[30]. In this study, we investigated the expression and clinical significance of PRDX1 mRNA in liver cancer using RNA sequencing dataset from The Cancer Genome Atlas (TCGA) (n = 374). Meanwhile, according to the protein expression and subcellular localization of PRDX1, a novel post-translational modification form of PRDX1 was primarily explored in liver cancer cells.
MATERIALS AND METHODS
Cell lines and cell cultures
The human liver cancer cell lines HepG2, Hep3B and SK-HEP-1 were obtained from the American Type Culture Collection (Rockville, MD). Bel-7402, Bel-7404 and SMMC-7721 liver cancer cells were purchased form Institute of Biochemistry and Cell Biology of Chinese Academy of Sciences (Shanghai, China); HLE cell was purchased from the Human Science Research Resources Bank (Osaka, Japan). They were maintained in recommended media at 37 °C with 5% CO2.
Proteins extraction in cells

For total proteins extraction, the cells in exponential phase of growth were harvested using a protein lysis buffer (pH 7.4) containing 50 mmol/L Tris-HCl, 150 mmol/L NaCl, 1% NP-40, 0.1% SDS, 10 mM N-methylmaleylimide (Sigma-Aldrich, MO) and protease inhibitor cocktail (Roche Diagnostics, Mannheim, Germany). The protein content was determined by Coomassie Plus Protein Assay (Pierce, Rockford, IL). In addition, subcellular protein extraction were performed using ProteoExtractTM Subcellular Proteome Extraction Kit (Calbiochem, Germany) according to the manufacturer’s guidelines.

Clinical specimen collection and preparation

Surgical tissues from liver cancer patients were collected after obtaining informed consent and approval from the Institutional Review Board of the Cancer Institute and Hospital of Chinese Academy of Medical Sciences (Beijing, China). All patients were diagnosed by two senior pathologists without chemo/radiotherapy before surgical operation. A total of 29 fresh tumor and paired adjacent non-tumor liver tissue samples were collected from patients (26 male, 3 female; median age, 54 ± 12; range 32–78 years) undergoing resection during the period from May 2006 to November 2007. Among them, 17 cases were α-fetoprotein (AFP)-normal, while 12 were AFP-positive. The tissue samples were collected and washed right after surgical resection. They were then snap-frozen in liquid nitrogen immediately and stored at -80 °C. Fresh tissue samples were homogenized and the proteins were extracted using the protein lysis buffer described above. 
Western blot analysis

Approximately 15 μg of total proteins or subcellular proteins were diluted in Laemmli buffer containing 10% β-Mercaptoethanol and boiled at 95 °C for 10 min. Samples were subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and then transferred to polyvinylidene difluoride membranes. After blocking, the membranes were incubated with anti-PRDX1 (ab15571, Abcam, Cambridge, United Kingdom) and anti-β-actin (Sigma-Aldrich, MO) antibodies. Following intensive washing, the membranes were developed with horseradish peroxidase conjugated second antibodies (Jackson Immunoresearch Lab., West Grove, PA) and visualized using an enhanced chemiluminescence system (Santa Cruz Biotech., CA). The upregulation or downregulation of PRDX1 was defined as higher or lower relative band intensity in tumors compared with their paired adjacent normal liver tissues.
Immunofluorescence under confocal microscopy

HepG2, Hep3B and SK-HEP-1 cells were grown in 0.01% poly-l-Lysine coated slices for 24 h. After fixed with 4% paraformaldehyde for 30 min at room temperature and washed three times with PBS (pH 7.4), the cells were blocked with 1% BSA and 0.1% Triton X-100 for 30 min at room temperature. Washed cells were incubated for 30 min with rabbit anti-PRDX1 and mouse anti-SUMO1 (Zymed Lab., South San Francisco, CA) antibodies. Then the cells were incubated in the dark for 60 min with Alexa Fluor 488-conjugated goat anti-rabbit and Alexa Fluor 594-conjugated goat anti-mouse (Life Technologies) secondary IgG. The fluorescence signals were captured under a TCS SP2 laser confocal microscope (Leica Microsystems, Bensheim, Germany).
Immunoprecipitation
For co-immunoprecipitation analysis, 1.5 mg of whole cell lystate of HepG2 first was precleared by incubating with protein G-agarose beads (Roche Diagnostics, Mannheim, Germany) at 4 °C for 1 h. The collected supernatant was then incubated at 4 °C with 4 μg of rabbit anti-PRDX1 antibody, mouse anti-SUMO1 antibody or nonimmune rabbit/mouse IgG (Zhongshan Biotechnology, Beijing, China) for overnight with rotation. The immune complex was precipitated by incubation with 50 μL of protein G-agarose for 3 h at 4 °C. The agarose beads were pelleted by centrifugation and washed three times with lysis buffer. The beads were suspended in 2 × Laemmli sample buffer and boiled for 5 min. Protein G-agarose beads were removed from the complex by centrifugation at 10000 g for 5 min. The supernatant was loaded onto 10% SDS-PAGE for Western blot analysis with respective antibodies to PRDX1 and SUMO1.
TCGA RNA sequencing data mining and statistical analysis

The liver cancer transcriptome dataset was obtained from TCGA. The RNA sequencing data from 49 non-tumor liver tissues and 374 tumor tissues were available. The expression of PRDX1 mRNA and its clinical significance was analyzed. Mann-Whitney U test was used to compare the RPM (Read per Million) between two groups. The Kaplan-Meier method was used to determine the relationship between the RPM of PRDX1 and patient survival, and log-rank analysis was performed to compare survival curves. Univariate and multivariate analyses were performed using the Cox regression model. In addition, the bioinformatic tool SUMOplot (http://www.abgent.com/sumoplot) was used to predict the putative sumoylation sites of PRDX1. P values < 0.05 were considered significant. All analyses were performed using Graphpad prism 6.0 (GraphPad Software Inc., La Jolla, CA).
RESULTS
Up-regulation of PRDX1 mRNA in human liver cancer tissues
According to the RNA sequencing data from TCGA, PRDX1 mRNA was up-regulated approximately 1.3-fold in tumor tissues (n = 374) compared with their abundance in the adjacent non-tumor livers (n = 49) (Figure 1A, P = 0.005). Based on the median RPM value of PRDX1 in tumor tissues, all of the 374 cases were divided into two groups, high level group and low level group. Kaplan-Meier survival analysis with a log-rank test showed a significant correlation between high PRDX1 mRNA expression with a shorter overall survival time (P = 0.04) in liver cancer patients (Figure 1B, left panel). The median survival times of high and low expression groups were 635 and 498 days, respectively. However, the expression of PRDX1 mRNA was not associated with recurrence of the patients with liver cancer (Figure 1B, right panel). Even for patients who had received a curative resection (R0 resection, n = 310), high levels of PRDX1 mRNA also was correlated with shorter overall survival (P = 0.05), but not with recurrence (Supplementary Figure S1).
These findings were further confirmed by both univariate and multivariate Cox regression analysis (Tables 1 and 2). In the univariate analysis, compared with the low PRDX1 mRNA expression group, patients with the high PRDX1 mRNA exhibited a 1.55-fold increase of a RR for overall survival (P = 0.04). Other significant risk factors included Child-Pugh classification (RR = 2.49, P = 0.01) and TNM staging (RR = 2.39, P < 0.001). As concluded by the multivariate analysis, TNM staging (RR = 2.36, P = 0.007), Child-Pugh classification (RR = 2.30, P = 0.03) and PRDX1 mRNA expression (RR = 1.89, P = 0.03) were the independent prognostic factors for death. For recurrence-free survival, in the univariate analysis, residual tumor (RR = 2.25, P = 0.05), vascular invasion (RR = 1.65, P = 0.05) and TNM staging (RR = 4.32, P < 0.001) were associated with the increased risk of recurrence. And only TNM staging (RR = 5.04, P < 0.001) was considered as independent recurrent factor.
The correlations between the clinicopathologic characteristics of liver cancer patients and the expression of PRDX1 mRNA in their tumors are also compared (Figure 1C). The levels of PRDX1 mRNA were higher in male compared with female (P < 0.001). The correlation between PRDX1 mRNA and other features such as age, differentiation degree, vascular invasion, Child-Pugh classification, TNM staging, hepatic fibrosis degree, serum AFP levels and hepatic inflammation in adjacent liver tissue was not observed.
expression and localization of PRDX1 protein in liver cancer cell lines
Except for whole cell lysates, to enhance the visibility of moderate- and low-abundance proteins, cytosol, membrane/organelle and nuclear proteins fractions were also extracted in liver cancer cells (HepG2, Hep3B, SK-HEP-1, Bel-7404, SMMC-7721 and HLE). It was observed that PRDX1 was expressed in the whole lysates of all six cells with multiple different bands (Figure 2). Additionally, the subcellular protein analysis further showed that PRDX1 in the cytosol fraction almost existed in the theoretical molecular weight form (22 kDa), whereas two higher molecular weight bands, approximately 35 kDa and 50 kDa, were also occurred in the membrane/organelle and nuclear fractions, especially in the membrane/organelle fraction (Figure 2). Thus, PRDX1 protein was ubiquitously distributed in the liver cancer cells, and it was existed by multiple forms in the membrane/organelle and nuclear fractions.
expression of PRDX1 protein in human liver cancer samples

To confirm the observation in liver cancer cells, the expression of PRDX1 in liver cancer patients was analyzed using western blotting. And it also showed two bands with different molecular weight, the theoretical 22 kDa and higher 50 kDa bands. Compared with the non-tumorous corresponding tissues, the theoretical PRDX1 band was increased in 48.3% (14/29) of neoplastic liver tissues, whereas the higher 50 kDa form was down-regulated in 69.0% (20/29) of tumor tissues (Figure 3). For the total intensity of PRDX1, it was down-regulated in 18 out of 29 tumor tissues (62.1%, 18/29).
The clinical association of PRDX1 expression trend was observed in these 29 patients. We only found that the down-regulation of 50 kDa band was higher in younger cases (< 60 years old). However, there was no correlation between PRDX1 protein and gender, tumor size, differentiation, TNM staging and serum AFP levels.
Bioinformatic prediction of mechanisms involved in the formation of high molecular weight PRDX1  
The theoretical molecular weight of PRDX1 is approximately 22 kDa, while our Western blot analysis after reducing SDS-PAGE with 10% β-mercaptoethanol showed two extra high molecular weight bands near 35 and 50 kDa, especially in subcellular fractions. Therefore, we suspected that some of covalent modifications which substantially increase the molecular weight were occurred for PRDX1. The prediction of SUMOplot tool revealed that there are two consensus sequence of sumoylation with high probability and four sites with low probability in PRDX1 (Figure 4A). The molecular weight of SUMO1 is near 12 kDa, thus we supposed that the higher molecular weight bands of PRDX1 were resulted from its sumoylation. 
PRDX1 might be sumoylated in liver cancer cells

To investigate whether PRDX1 might be sumoylated, we first observed the colocalization of PRDX1 and SUMO1 in three liver cancer cells, HepG2, Hep3B and SK-HEP-1. We found that green endogenous PRDX1 was partially co-localized with the red SUMO1 molecules in the cytoplasm according to immunofluorescence and confocal microscopy analysis (Figure 4B). 
Furthermore, a co-immunoprecipitation assay was performed. HepG2 cells were lysed in the presence of N-ethylmaleimide, which inhibits SUMO-specific proteases, and then were immunoprecipitated with an anti-PRDX1 or anti-SUMO1 antibody. As shown in Figure 4C, when the anti-SUMO1 antibody was used to precipitate SUMO1 interacting proteins, compared with non-immune IgG control, the theoretical and higher molecular weight bands of PRDX1 could be detected. Conversely, when the PRDX1 and its interacting proteins were enriched by anti-PRDX1 antibody, a weak about 50 kDa band was also recognized by anti-SUMO1 antibody (Figure 4D). Unfortunately, due to the low molecular weight characteristics of SUMO1, it was not detected in our Western blot system. These results indicated that PRDX1 and SUMO1 interacted with one another, and suggested that PRDX1 might undergo sumoylation in liver cancer cells.
DISCUSSION
In the present study, we found PRDX1 mRNA was upregulated in the tumor tissues of liver cancer in a larger sample size. Increased PRDX1 was associated with male and shorter overall survival. Western blotting revealed that PRDX1 had two higher molecular weight bands (about 35 kDa and 50 kDa) which mainly existed in the membrane/organelle and nuclear fractions, except for the theoretical molecular weight form (22 kDa). The subsequent immunofluorescence and co-immunoprecipitation assay hinted that the higher molecular weight bands might result from the sumoylation of PRDX1.
Except for the peroxide detoxifying function, PRDX1 was known to interact and regulate the activity of several vital proteins. For example, PRDX1 can bind the SH3 domain of c-Abl, Myc Box II domain of c-Myc, C2 domain of PTEN, androgen receptor, ASK1 (Apoptosis signal-regulating kinase 1), MST1 (Mammalian Ste20-like kinase 1) to modulate their activities
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[13,17,27,31-34]
. Moreover, PRDX1 promotes tumor development and progression through Toll-like receptor 4 and mTOR/p70S6K pathways and TGF β1-induced epithelial-mesenchymal transition
 ADDIN EN.CITE 

[14,15,35]
. Meanwhile, PRDX1 can act as a chaperone to enhance the transactivation potential of NF-κB in estrogen receptor negative breast cancer cells[36]. Recently, PRDX1 was found to bind RNA and serve as a transcription anti-terminator to enhance the survival of cells exposed to cold stress
 ADDIN EN.CITE 

[37]
. 
In tumors, it was known that hypoxia or ROS induced the expression of PRDX1
 ADDIN EN.CITE 

[38-41]
. However, due to its complex functions, although PRDX1 was overexpressed in most of tumors, its clinical significance was dependent on different tumor types. For example, PRDX1 was a favorable prognostic factor in esophageal squamous cell carcinoma, breast cancer, bladder cancer and cholangiocarcinoma
 ADDIN EN.CITE 

[42-45]
, whereas the opposite role of PRDX1 was demonstrated in squamous cell carcinoma of the tongue, gallbladder cancer, ovarian serous carcinomas, lung cancer, pancreatic cancer and liver cancer
 ADDIN EN.CITE 

[18-22,29]
.
Our study confirmed that PRDX1 mRNA was upregulated in liver cancer tumor tissues, and its high levels were associated with the shorter overall survival time. However, according to our large sample size, we did not observe the correlation between PRDX1 and the recurrence-free survival of patients, as reported previously
 ADDIN EN.CITE 

[29]
. Moreover, the expression of PRDX1 was higher in male patients. A previous study also found that expression levels of PRDX1 were relatively high in hepatitis C virus-related hepatocellular carcinoma samples from men
 ADDIN EN.CITE 

[46]
, concordant with our result. It was known that liver cancer has a high male-to-female incidence rate ratio of 2-4:1[1], and men with liver cancer tend to have more invasive phenotype and shorter survival[47]. Thus, the prognostic value of PRDX1 mRNA might relate to the gender-disparity of liver cancer. 
At the protein level, we found that PRDX1 had three different molecular weight forms in liver cancer cells, and the higher molecular weight bands mainly distributed in the cell organelles and nucleus. They were also detected in the tissue lysates. Meanwhile, the higher molecular weight bands were downregulated in tumor tissues, whereas the theoretical molecular weight band was upregulated. Our Western blot system is reducing SDS-PAGE including 10% β-mercaptoethanol; therefore, the dimer cannot explain the phenomenon. We suspected that a covalent modification rather than disulfide bond occurred for PRDX1 in liver cancer. To prove it, we performed the bioinformatic prediction, immunofluorescence and co-immunoprecipitation assay, and the putative modification forms of PRDX1 by SUMO were confirmed. 
Small ubiquitin-related modifiers (SUMOs) are ubiquitin-like polypeptides that covalently conjugated to proteins in an ATP-dependent enzymatic cascade that resembles ubiquitylation[48]. Hundreds of proteins can be modified by SUMOs, including oxidative stress-related proteins. Hydrogen peroxide enhances the global protein SUMO conjugation profile and induces a reversible blockade of SUMO proteases SENP1 (Sentrin-specific protease 1)
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[49,50]
. And ROS induces a rapid de-sumoylation of transcription factors c-Fos and c-Jun resulting in stimulation of their activity to activate numerous anti-oxidant proteins
 ADDIN EN.CITE 

[51,52]
. Thus, it seems like that sumoylation is a fine sensor for ROS and participates in anti-oxidative response and ROS-dependent cell death
 ADDIN EN.CITE 

[51]
. 
It was known that the activity of PRDX1 can be regulated by some post-translational modifications. For example, phosphorylation of PRDX1 on Thr-90 or Ser-32 reduced its peroxidase activity
 ADDIN EN.CITE 

[53-55]
. Acetylation of PRDX1 on Lys-197 increased its reducing activity[56]. Glutathionylation of PRDX1 at Cys-52, -83, and -173 inactivated its molecular chaperone function[57]. Similarly, consequences of sumoylation can also modulate the functions and activities of target proteins. It was widely accepted that sumoylation can mask the interaction surface, induce conformational changes and create SUMO-dependent interaction with downstream effectors[48]. However, due to low steady-state levels of endogenous protein modification and isopeptidase activity in nondenaturing lysates, detection and analysis of sumoylation are challenged. Therefore, the sumoylation of PRDXs was not reported yet. To increase the visibility of sumoylated PRDX1, we added 10mM N-ethylmaleimide in our cell lysate buffer to stable SUMO conjugates, leading to the finding of higher molecular weight bands of PRDX1.  It was known that PRDX1 exhibits both nuclear and cytoplasmic localization in cells
 ADDIN EN.CITE 

[58]
. However, PRDX1 has no nuclear localization signals which predicted by PredictNLS (https://www.predictprotein.org/) and cNLS Mapper (http://nls-mapper.iab.keio.ac.jp/) bioinformatics tools. One of the roles of sumoylation is a molecular switch to control the nuclear localization[59]; therefore, the sumoylation of PRDX1 might provide a possible mechanism to enter the nucleus. Furthermore, the down-regulation of sumoylated PRDX1 might involve in hepatocarcinogenesis. The confirmation and functions of sumoylated PRDX1 are exploring in our lab. 
In conclusion, our results demonstrated upregulation of PRDX1 mRNA in liver cancer is an independent poor prognostic factor for overall survival. And PRDX1 protein might modified by SUMO in liver cancer cells to form higher molecular weight bands. The sumoylated PRDX1 protein was downregulated in tumor tissues, suggesting its specific functions that differed from the un-modified forms in hepatocarcinogenesis. Overall, PRDX1 acts as an “oncogene” in liver cancer cells. It may be a useful prognostic marker and a promising molecular target for the therapeutic intervention of liver cancer.
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Liver cancer is the second leading cause of cancer death worldwide. The exposures of the common etiological factors generally led to extensive oxidative stress and then promote hepatocarcinogenesis via oxidative DNA, protein and lipid damage. In normal cells, several antioxidant enzymes and non-enzymatic molecules participating the detoxification of intracellular reactive oxygen species. Among them, peroxiredoxin 1 (PRDX1) catalyzes the reduction of hydrogen peroxide, organic hydroperoxides and peroxynitrite. 
Research frontiers 
As a major hydroperoxide scavenging enzyme in cytoplasm, PRDX1 is considered as a tumor suppressor gene. However, PRDX1 recently was found to act in a manner independent of its anti-oxidative function, and thus regulating cell proliferation, differentiation, apoptosis, migration, angiogenesis and radio-chemosensitivity. Therefore, PRDX1 showed a double-edged roles on tumorigenesis.
Innovations and breakthroughs 
In liver cancer, the overexpression of PRDX1 had been observed in limited clinical specimens. In this study, we investigated the expression characteristics of PRDX1 mRNA and protein in liver cancer using RNA sequencing dataset and Western blotting. In addition, the subcellular distribution and a putative post-translational modification form of PRDX1 was primarily explored.
Applications 
PRDX1 was overexpressed in the tumor tissues of liver cancer and serves as an independent unfavorable prognostic factor for overall survival. PRDX1 protein might modified by SUMO in liver cancer cells to form higher molecular weight forms. It may be a useful prognostic marker and a promising molecular target for the therapeutic intervention of liver cancer.
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PRDXs use thioredoxin as electron donor to catalyze the reduction of hydrogen peroxide, organic hydroperoxides and peroxynitrite. Mammalian cells express six isoforms of PRDXs which are classified into three subfamilies based on the location or absence of the essential catalytic cysteine (Cys) residue. PRDX1 is the most abundant and ubiquitously distributed isoform.
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Figure 1 expression and clinicopathological characteristics of peroxiredoxin 1 mRNA presented in The Cancer Genome Atlas liver cancer RNA sequencing dataset. A: peroxiredoxin 1 (PRDX1) mRNA was significantly up-regulated in tumor tissues (n = 374) compared with the adjacent non-tumor tissues (n = 50); B: Kaplan-Meier curves of overall survival (left panel) and recurrence (right panel) according to the PRDX1 levels in tumor samples. Log-rank test was performed; C: The clinicopathological characteristics analysis of PRDX1 expression in 374 liver cancer cases. 
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Figure 2 Western blotting analysis of peroxiredoxin 1 protein in liver cancer cells. The codes of liver cancer cells: 1: HepG2; 2: Hep3B; 3: SK-HEP-1; 4: Bel-7404; 5: SMMC-7721; 6: HLE. W: Whole lysates; F1: Cytosol fraction; F2: Membrane/organelle fraction; F3: Nucleus fraction. The upper panel is the Coomassie Blue stained SDS-PAGE gel, and the lower panel is the Western blotting of PRDX1. PRDX1: peroxiredoxin 1.
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Figure 3 expression of peroxiredoxin 1 in human liver cancer specimens. A: Western blot analysis of tumor (C) and matching adjacent non-tumor liver tissues (N) of 29 patients. β-actin protein levels are shown as a loading control. The patients were coded from 1 to 29; B: Densitometric analysis of 29 hepatocellular carcinoma cases. The black and gray bars represent the relative band intensity of peroxiredoxin 1 (PRDX1) in non-tumor or tumor tissues, showing the ratio between 22 kDa, 50 kDa or total PRDX1 and β-actin. Each data point represents the mean ± SD derived from three independent experiments.
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Figure 4 peroxiredoxin 1 might be sumoylated in liver cancer cells. A: The bioinformatic prediction of PRDX1 using SUMOplot tool; B: Immunofluorescence staining visualized under a confocal microscope illustrating the co-localization of PRDX1 and SUMO1 proteins in the cytoplasm of three liver cancer cells. C-D: Co-immunoprecipitation of PRDX1 with SUMO1 in HepG2 cell extract; C: Lysates were subjected to immunoprecipitation (IP) with anti-SUMO1 antibody, followed by Western blotting (WB) with anti-PRDX1 and anti-SUMO1 to detect sumoylated PRDX1; D: Lysates were subjected to IP with anti-PRDX1 antibody, followed by WB with anti-SUMO1 and anti-PRDX1 to detect sumoylated PRDX1.The upper and lower panels are the results of dark and light exposure by Western blotting.
Table 1 Univariate and multivariate survival analysis for overall survival and recurrence-free survival in The Cancer Genome Atlas patients with hepatocellular carcinoma
	Variables
	Overall survival
	
	Recurrence-free survival

	
	Relative risk (95% CI)
	P value
	
	Relative risk (95% CI)
	P value

	Univariate
	
	
	
	
	

	Age (> 60 vs ≤ 60 years old)
	1.17 (0.76-1.80)
	0.48
	
	1.33 (0.83-2.14)
	0.24

	Gender (female vs male)
	1.21 (0.78-1.86)
	0.39
	
	0.91 (0.72-1. 15)
	0.44

	Differentiation (Poorly vs well and moderately)
	1.27 (0.83-1.95)
	0.28
	
	0.76 (0.48-1.21)
	0.25

	Residual tumor (R1 and R2 vs R0)
	1.95 (0.94-4.06)
	0.07
	
	2.25 (1.02-4.98)
	0.05

	Child-Pugh classification (grade B vs A)
	2.49 (1.21-5.12)
	0.01
	
	2.22 (0.95-5.19)
	0.07

	Vascular invasion (macro and micro vs none)
	1.52 (0.94-2.46)
	0.08
	
	1.65 (1.00-2.71)
	0.05

	TNM staging (III and IV vs I and II)
	2.39 (1.51-3.79)
	< 0.001
	
	4.32 (2.50-7.47)
	< 0.001

	Fibrosis (fibrosis and cirrhosis vs none)
	0.98 (0.88-1.08)
	0.63
	
	0.81 (0.46-1.41)
	0.45

	AFP (≥ 200 vs < 200 ng/ml)
	1.15 (0.68-1.92)
	0.61
	
	0.85 (0.49-1.49)
	0.58

	PRDX1 expression (high vs low)
	1.55 (1.01-2.36)
	0.04
	
	1.01 (0.63-1.60)
	0.98

	Inflammation in adjacent liver (Severe and mild vs none)
	1.20 (0.79-1.80)
	0.39
	
	1.30 (0.82-2.07)
	0.26

	Multivariate
	
	
	
	
	

	Residual tumor (R1 and R2 vs R0)
	-
	-
	
	0. 89 (0.28-2.89)
	0.77

	Child-Pugh classification (grade B vs A)
	2.30 (1.10-4.78)
	0.03
	
	-
	-

	Vascular invasion (macro and micro vs none)
	-
	-
	
	1.42 (0.79-2.55)
	0.23

	TNM staging (III and IV vs I and II)
	2.36 (1.26-4.41)
	0.007
	
	5.04 (2.76-9.22)
	< 0.001

	PRDX1 expression (high vs low)
	1.89 (1.07-3.36)
	0.03
	
	-
	-


AFP: α-fetoprotein; PRDX1: peroxiredoxin 1.
Table 2 expression of peroxiredoxin 1 protein and its clinical significance
	
	23 kDa band
	P value
	50 kDa band
	P value

	
	n
	Up-regulated (%)
	
	n
	Down-regulated (%)
	

	Gender
	
	
	
	
	
	

	Male
	26
	45.2 (12/26)
	1.00
	26
	69.2 (18/26)
	1.00

	Female
	3
	33.3 (1/3)
	
	3
	66.7 (2/3)
	

	Age
	
	
	
	
	
	

	≥ 60
	10
	30.0 (3/10)
	0.43
	10
	40.0 (4/10)
	0.03

	< 60
	19
	52.6 (10/19)
	
	19
	65.5 (16/19)
	

	Tumor size
	
	
	
	
	
	

	≤ 3 cm
	7
	42.9 (3/7)
	1.00
	7
	42.9 (3/7)
	0.16

	> 3 cm
	22
	45.5 (10/22)
	
	22
	77.3 (17/22)
	

	Differentiation
	
	
	
	
	
	

	Well
	7
	28.6 (2/7)
	0.41
	7
	71.45 (5/7)
	1.00

	Moderately
	18
	55.6 (10/18)
	
	18
	66.7 (12/18)
	

	Poorly
	4
	25.0 (1/4)
	
	4
	75.0 (3/4)
	

	TNM staging
	
	
	
	
	
	

	I-II
	20
	35.0 (7/20)
	0.23
	20
	70.0 (14/20)
	1.00

	III-IV
	9
	66.7 (6/9)
	
	9
	66.7 (6/9)
	

	AFP 
	
	
	
	
	
	

	≥ 200 ng/mL
	7
	42.9 (3/7)
	1.00
	7
	71.4 (5/7)
	1.00

	< 200 ng/mL
	22
	45.5 (10/22)
	
	22
	68.2 (15/22)
	


AFP: α-fetoprotein.
P < 0.001





P < 0.01
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