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Abstract

Superoxide dismutase 1 (SOD1) is the ubiquitously expressed and predominant dismutase in the 

cytoplasm. While transcriptional regulation of the SOD1 gene has been well characterized, post-

transcriptional regulation of the gene remains largely unknown in eukaryotes. In this study, a full-

length 3’UTR of the SOD1 transcript was cloned and characterized for its ability to regulate SOD1 

gene expression in human cancer cells. Inclusion of the SOD1 3’UTR in the pGL3 reporter 

construct dramatically enhanced the reporter activity by 10–220-fold in various cell lines. RT-PCR 

analysis, however, indicated that the reporter gene mRNA levels were only modestly altered by 

the SOD1 3’UTR, suggesting that SOD1 3’UTR enhances the reporter gene activity not simply by 

stabilizing the mRNA but primarily through promoting translation of the protein. Bioinformatics 

analysis showed multiple stem and loop structures of the SOD1 3’UTR and alterations of this 

secondary structure led to remarkably reduced reporter gene activity. Importantly, introducing the 

SOD1 3’UTR to cancer cells attenuated endogenous SOD1 expression in a concentration-

dependent manner, indicating the involvement of RNA trans-acting factors in this process. Using 

siRNA and RNA immunoprecipitation techniques, we identified AUF-1, a RNA binding protein, 

as a positive regulator of SOD1 expression through its 3’UTR. Consequently, AUF-1 was found to 

regulate redox balance in our cell model systems. Furthermore, in human ovarian, esophageal, and 
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pancreatic cancer tissues, the expression of SOD1 was significantly correlated with that of AUF-1, 

further supporting the importance of AUF-1 in regulating SOD1 gene expression.

Graphical Abstract

The SOD1 3’UTR facilitates SOD1 protein production resulting in reduction of superoxide levels 

in human cancer cells.
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Introduction

Superoxide dismutases (SODs) are enzymes that catalyze the degradation of superoxide into 

oxygen and hydrogen peroxide. The generated hydrogen peroxide is subsequently converted 

to water and oxygen by glutathione peroxidase (GPx) and/or catalase to maintain the redox 

homeostasis in a given cell system (1–3). Among the three SOD enzymes, SOD1 (also 

known as Cu/Zn superoxide dismutase) contributes to the majority of cellular SOD activity 

(4). Hence, SOD1 expression levels are important for the elimination of cellular 

superoxides. The human SOD1 gene is located on chromosome 21q22.11 and it produces a 

16-kDa protein that is often homodimerized, and widely distributed in the cytosol, nucleus, 

peroxisome, and intermembrane space of the mitochondria (5,6). Mutations of the SOD1 

gene have been linked to human diseases, such as familial amyotrophic lateral sclerosis 

(7,8). SOD1−/− mice are found to have a high rate of DNA mutations that occur at an early 

age and have an elevated susceptibility to oxidative stress and liver tumors (9,10). On the 

other hand, over-expression of SOD1 in human pancreatic (11), lung (12), and chemo-

resistant breast cancer cells (13) has been observed although the mechanism behind remains 

unclear. What is known is that over-expression of SOD1 renders tumor cells more resistance 

to oxidative stress and chemotherapy (14) and the experimental evidence accumulated thus 

far supports the conclusion that SOD1 is a molecular target for cancer therapy (12,15).
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How a gene is delicately regulated to produce the precise amount of protein to meet 

biological demand is a fundamental question in biology. In addition to transcriptional 

regulation, posttranscriptional regulation of gene expression fundamentally and rapidly 

modifies the gene expression process (16,17). In this context, the 3' untranslated region 

(3'UTR) of an mRNA is recognized to be heavily involved in mediating gene expression. 

The 3'UTR of a mRNA, which starts with the nucleotide immediately following the stop 

codon of the coding region (17,18), interacts with microRNAs (miRNAs) and RNA binding 

proteins through defined RNA elements to regulate mRNA expression or protein translation, 

thus altering gene expression levels (17,19–21).

Over the years transcriptional regulation of the SOD1 gene has been well characterized in 

different model systems (22,23). However, whether or not and how the SOD1 3'UTR 

contributes to expressional control of the SOD1 gene in human cancer cells is largely 

unknown. In the present study, we evaluated the role of SOD1 3’UTR in maintaining SOD1 

expression level in human cancer cells. We found that the SOD1 3’UTR dramatically 

enhances SOD1 expression, with a magnitude that, to our knowledge, has not been 

previously described for any 3’UTR-mediated gene expression. Furthermore, we identified 

AUF-1, an established RNA binding protein (24), as a positive posttranscriptional regulator 

of SOD1 expression, providing a potential molecular mechanism for SOD1 over-expression 

in human cancer cells.

Materials and methods

Cell culture

The human pancreatic cancer cell line PANC1 and human esophageal cancer cell line TE-1 

were maintained in DMEM supplemented with 10% FBS and antibiotics (100 units/ml 

penicillin G Sodium Salt and 100 units/ml streptomycin sulfate; Gibco, Grand Island, NY). 

The human hepatocellular carcinoma cell line HepG2 and ovarian cancer cell line A2780 

were maintained in RPMI-1640 supplemented with 10% FBS and antibiotics. The cells were 

grown in a 37°C incubator with 5% CO2.

Reverse transcriptase PCR (RT-PCR) analysis of mRNA

Total RNA from cells was extracted with Trizol (Invitrogen, Carlsbad, CA) and reversely 

transcribed to cDNA using an oligo (dT)12 primer and Superscript II (Invitrogen). SYBR 

green dye (Takara Bio Inc., Shiga, Japan) was used for amplification of cDNA. mRNA 

levels of luciferase and the internal standard glyceraldehyde 3-phosphate dehydrogenase 

(GAPDH) were measured by RT-PCR (Applied Biosystems, Foster City, CA). The 

following primers specific for luciferase and GAPDH were used: GAPDH: (forward) 5’-

GAAGGTGAAGGTCGGAGTC-3’ and (reverse) 5’-GAAGATGGTGATGGGATTTC-3’; 

luciferase: (forward) 5’-GAGGTTCCATCTGCCAGGTA-3’ and (reverse) 5’-

CACACAGTTCGCCTCTTTGA-3’. For real-time PCR analysis of luciferase and SOD1 

mRNA levels, the synthesized cDNA was diluted in 2× iTaq Universal SYBR Green 

Supermix and combined with 4uM of each forward and reverse primer. Specific primers 

used for real-time PCR are as follows: SOD1, forward 5’-

ACTGGTGGTCCATGAAAAAGC-3’ and reverse 5’-AACGACTTCCAGCGTTTCCT-3’; 
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pGL3-firefly luciferase, forward 5’-CCGAGGGGGATGATAAACCG-3’ and reverse 5’-

TCCCGGTATCCAGATCCACA-3’. PCR was run on the Bio-Rad CFX 96 Real-Time PCR 

instrument under the following conditions: 95°C for 15 seconds and 60°C for 1 min, 40 

cycles. The absolute quantification method was used to quantify mRNA expression levels as 

described (http://www.gene-quantification.com/strategy.html). In brief, a standard curve of 

SOD1 expression was constructed using serially diluted samples of cDNA synthesized from 

total RNA that was extracted from an untreated sample. Using linear regression, the cycle 

threshold (Ct) value from the sample cDNAs were plotted onto the standard curve to obtain 

the quantity of amplified cDNA (equivalent to ng of cDNA used). The data are presented as 

the expression levels in the treated samples relative to the control samples.

Construction of reporter plasmids

To explore the influences of 3’UTR on the expression of SOD1, a fragment of the full-

length SOD1 3’UTR was amplified by PCR using the cDNA made from A2780 cells. The 

amplified fragment was inserted into the pGL3-Promoter vector (Promega, Madison, WI) at 

the Xba I site in both sense and antisense directions. The pGL3-SOD1-Sense vector was 

used as a template for the cloning of serially deleted SOD1 3’UTR reporter vectors with 

primers described in Supplementary Table 1. These recombination plasmids were confirmed 

by DNA sequencing.

Cell transfection and luciferase assays

Chemically synthesized miRNA mimics and inhibitors were obtained from Ambion (Life 

Technologies, Carlsbad, CA). siRNA control and siRNA targeting HuR and AUF-1 were 

purchased from Santa Cruz Biotechnology (Santa Cruz, CA). AUF-1 cDNA was obtained 

from OriGene Technologies Inc. (Rockville, MD). Cells were transfected by Lipofectamine 

2000 (Invitrogen) with 1 µg of each constructed vector or siRNA. In each transfection, 50 ng 

of pRL-TK (Promega, Madison, WI) was used to correct transfection efficiency. For co-

transfection, vector was co-transfected with siRNA or plasmids. Luciferase activity was 

measured with the Dual-Luciferase Reporter Assay System (Promega, Madison, WI). 

Luciferase activities were evaluated as the ratio of Firefly luciferase to Renilla luciferase 

activities.

Western blot

Treated cells in a 6-well-culture cluster were washed twice with ice old PBS and directly 

lysed in 200 µl of 2×SDS cell lysis buffer in each well. The lysates were boiled, centrifuged 

at 10,000 rpm, and the supernatant was loaded onto a 12% SDS-PAGE gel. The samples 

were electrophoresed for 4 h and then transferred to a transfer membrane in Bio-Rad blot 

apparatus. The membranes were blotted with antibodies for SOD1, HuR, (Santa Cruz 

Biotechnology, Santa Cruz, CA) or AUF-1 (Abcam, Cambridge, UK)) followed with a 

secondary antibody linked to horseradish peroxidase. GAPDH was detected and served as 

the loading control as we recently described (25). The GAPDH antibody was from ProMab 

Biotechnologies, Inc. (Albany, CA).
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Co-immunoprecipitation

Co-immunoprecipitation using AUF-1 and GAPDH antibody was performed as described 

previously (25). In short, PANC1 cells were washed with PBS and harvested by adding 150 

µl of IP buffer (10 mM Tris-HCl, pH 7.4, 50 mM NaCl, 0.5 mM EDTA, 1 mM PMSF, and 

1% Triton X-100). After sonicating the cells for 2 min on ice, insoluble material was 

removed by centrifugation. Supernatants were collected and pre-cleared by agarose-coupled 

protein A. The agarose beads were removed by centrifugation. AUF1 antibody and GAPDH 

antibody were added to the supernatants (1:100 ratio), and the reaction was incubated at 4°C 

overnight with gentle rotation. 50 µl of agarose-coupled protein A was added to capture the 

antibody-protein complexes by rotating for 2 h at 4°C. The supernatants were then removed 

by centrifuging at 2,000 × g for 5 min. Total RNA was isolated from the pellets using the 

Trizol reagent. Reverse transcription-PCR was performed as described earlier. The 

following primers specific for SOD1 3’UTR was used: (forward) 5’-

ACATTCCCTTGGATGTAG-3’ and (reverse) 5’-TGACAAGTTTAATACC-3’.

Reactive oxygen species (ROS) measurement

The levels of ROS were determined using the ROS-sensitive dye 2’, 7’-dichlorofluorescein 

diacetate (DCF-DA), which was converted by ROS into the highly fluorescent 2’, 7’-

dichlorofluorescein (DCF). Cells were washed with PBS buffer (pH 7.4) and incubated with 

DCF-DA (10 µM) for 30 min. The level of DCF fluorescence, which reflects the 

concentration of ROS, was measured by fluorescent microscopy. To induce ROS, cells were 

irradiated with 5 Gy X-ray irradiation using a 6-MV X-ray linear accelerator (Clinac 

2100EX; Varian Medical Systems, Inc., CA) at a dose rate of 2 Gy/min; a 1.5-cm bolus was 

used as a compensator. After radiation, the medium was immediately replaced with fresh 

medium.

Superoxide anion measurement

PANC1 and A2780 cells were sham irradiated or exposed to 5 Gy irradiation. Cellular 

superoxide anions and SOD enzymatic activity were measured using the Superoxide Anion 

Detection Kit (Millipore, Billerica, MA). For superoxide anion assay, the cells (5.0 × 105) 

were suspended in 100 µl of the assay medium and combined with luminol (100 µM), 

enhancer (125 µM), and phorbol-12-myristate-13-acetate (PMA, 100 ng/ml). After a 30 min 

incubation at room temperature the light emission was recorded using a luminometer 

(Promega, Madison, WI). For SOD activity assay, the cell lysate was prepared using the 

lysate buffer from Promega (Madison, WI). In a polystyrene round-bottom tube, 100 µl of 

xanthine oxidase-luminol solution and 100 µl of the 50 µM xanthine solution (containing 25 

µM xanthine, 0.1 mU/µl xanthine oxidase, and 100 µM luminal) were mixed. The cell lysate 

(5µg in 10 µl) that is suspected to contain SOD or 1 µl (25 units) of the provided SOD were 

added to the tube. The light emission was recorded at 30 seconds intervals for up to 2 min 

using a luminometer. The data were expressed as the levels relative to the light intensities 

detected in control groups.

Zhang et al. Page 5

Free Radic Biol Med. Author manuscript; available in PMC 2016 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Tissue samples

Ninety-three pancreatic cancer tissues were obtained from Shanghai Biochip Co. Ltd 

(Shanghai, China). All samples were reviewed histologically by hematoxylin and eosin 

staining and constructed into a tissue microarray. Twenty ovarian cancer tissues were 

obtained from surgical resections of patients between 2011–2012 at Changzhou Tumor 

Hospital Affiliated to Soochow University (Changzhou, China). Twenty normal esophageal 

tissues and 120 esophageal cancer tissues were obtained from surgical resections of patients 

between 2010–2012 at the Changzhou Tumor Hospital and Gastrointestinal Center, Jiangyin 

People’s Hospital (Jiangyin, China), as previously reported (26,27). Tissues were obtained 

before chemotherapy and radiation therapy. All patients gave signed, informed consent for 

their tissues to be used for scientific research. Ethical approval for the study was obtained 

from the Changzhou Tumor Hospital and Jiangyin People’s Hospital. All diagnoses were 

based on pathological and/or cytological evidence.

Immunohistochemistry (IHC)

IHC was performed using antibodies against human SOD1 and AUF-1. IHC staining and 

scoring were performed as reported previously (26,27): negative (−), < 10% of the whole 

tissue mass stained; weakly positive (+ 1), 10–25% of the whole tissue mass stained; 

moderately positive (+ 2), 25–75% of the whole tissue mass stained; and strongly positive (+ 

3), > 75% of the tissue showed positive.

Statistical analyses

Data were expressed as the mean ± SEM from at least three independent experiments unless 

otherwise indicated. Statistical differences between the test and control values were 

analyzed by applying the Student’s t-test and Kruskal-Wallis one-way analysis. Correlation 

analysis between the IHC staining scores of SOD1 and AUF-1 was performed using 

Spearman's rho test. Statistical analysis was performed using SPSS software (Release 17.0, 

SPSS Inc.). Data were considered significant and indicated by “*” if the two-sided P < 0.05, 

“**” if P < 0.01. The log 2 median-centered SOD1 and AUF1 (HNRNPD) microarray 

expression levels were extracted from the Oncomine, v 4.4.4.4 (www.oncomine.org) 

database from the Collisson study (28) which consists of 20 pancreatic adenocarcinoma 

samples, and the Adib study (29) which consists of 16 ovarian serous adenocarcinoma 

samples.

Results

SOD1 3’UTR maintains high expression of the SOD1 gene in human cancer cells

The nucleotide sequence of SOD1 3’UTR is rather conserved among different species 

(supplementary Figure 1). We cloned a full length SOD1 3’UTR from human A2780 cells 

and found that there is no mutation or deletion in this 326 base fragment. To investigate 

whether SOD1 3’UTR influences SOD1 expression, several human cell lines were 

transfected with the pGL3-Promoter vector, pGL3-promoter-SOD1 3’UTR sense or pGL3-

promoter-SOD1 3’UTR antisense vector, respectively. Tranfection of the SOD1 3’UTR 

sense vector dramatically enhanced the reporter gene activity by 109-, 219-, 12- and 17-fold 
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in PANC1, A2780, HepG2 and TE-1 cells, respectively (Figure 1A). In contrast, transfection 

of the SOD1 3’UTR antisense vector exhibited similar luciferase activity with that of the 

empty vector in all cell lines investigated (Figure 1A). These results suggested that SOD1 

3’UTR maintains high expression of the SOD1 gene in human cancer cells. We next sought 

to determine which segment of the SOD1 3’UTR is critical for its function. Six reporter 

plasmids containing different fragments of the SOD1 3’UTR were constructed (Figure 1B). 

A2780 and PANC1 cells were transfected with the indicated constructs and assayed for 

luciferase activity 48 hours after transfection. As shown in Figure 1C and D, the truncated 

deletion of SOD1 3’UTR gradually decreased luciferase activity and deletion of any part of 

SOD1 3’UTR dramatically affects the reporter activity with the 87–325 fragment seemed to 

be most significant

To understand whether the enhanced reporter gene activity is due to increased mRNA 

expression or protein translation, total RNA was extracted from A2780 cells 24 hours after 

transfection. Relative firefly luciferase mRNA levels were measured by real-time-RT-PCR 

after treatment with actinomycin D for 16–24 hours. As shown in Figure 2, inclusion of the 

SOD1 3’UTR modestly increased luciferase mRNA levels in both control and actinomycin 

D-treated cells, suggesting that the high luciferase activity is only partially attributed to the 

increased mRNA expression. A similar pattern of luciferase mRNA expression upon 

actinomycin D treatment was previously observed in HEK293 cells (30). Given the 

magnitude of the enhancement of reporter gene activity by SOD1 3’UTR, these results 

suggest that SOD1 3’UTR promotes translation of the SOD1 protein in our model system.

The integrity of SOD1 3’UTR is critical for its function

The interplay between cis-elements and trans-acting factors or miRNAs is critical for the 

function of 3’UTRs. The RNA motifs, such as AU-rich element (ARE), GC-rich and GU-

rich elements, are known to play important roles for mRNA expression (18–21). There are 

six AREs in the SOD1 3’UTR predicted by a previous study (31). To test whether these 

AREs sustain the expression of SOD1, we constructed a series of vectors with deletion of 

four AREs individually or in combination (Figure 3A). A2780 cells were transfected with 

each construct and assayed for luciferase activity. We found that deletion of any of the four 

AREs remarkably reduces luciferase activity with the ARE 6 being the most important 

(Figure 3A), indicating that SOD1 expression is significantly sustained by the AREs in its 

3’UTR. However, when the reporter vectors, containing only two or four of the putative 

AREs, were transfected to A2780 or PANC1 cells, luciferase activity was almost 

undetectable (Figure 3B), further suggesting that the importance of the AREs is related to 

their contribution to the integrity of the 3’UTR, which is essential for sustaining SOD1 

expression.

Bioinformatics tools (TargetScan and PicTar) consistently predicted that miR-224, miR-377 

and miR-621 are possible regulators of SOD1 3’UTR (Figure 3A). A2780 and PANC1 cells 

were transfected with the wild-type SOD1 3’UTR reporter constructs or the constructs with 

deletion of the miRNA binding site for miR-224, miR-377 or miR-621. Interestingly, 

deletion of the binding site for miR-224 and miR-377, but not miR-621 in SOD1 3’UTR, 

significantly down-regulated luciferase reporter activity (Figure 3C), which was not in 
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accordance with the general belief that miRNAs negatively regulate gene expression (17). In 

addition, application of miR-377 or miR-621 mimics/inhibitors did not affect endogenous 

SOD1 expression or the SOD1 3’UTR-driven reporter gene activity (Figure 3D and 3E), 

indicating that the SOD1 3’UTR’s function in sustaining SOD1 expression is less likely 

attributed to these miRNA species. Instead, the deletion of miR-224 and miR-377 binding 

sites may alter the integrity of the SOD1 3’UTR, given their close proximity to the ARE1, 

resulting in down-regulation of SOD1 3’UTR-driven reporter gene activity.

We then utilized RNAfold (32), a RNA secondary structure analysis tool, to predict the 

secondary structures of SOD1 3’UTR. As shown in Figure 4A, the predicted SOD1 3’UTR 

secondary structure contains multiple stem and loop structures. Deletion of the miR-224 and 

miR-377 but not miR-621 remarkably changed its original structure (Figure 4B–4D). The 

same is true when ARE6 was deleted from the 3’UTR (Figure 4G), whereas deletion of 

ARE 3/4, and 5 did not obviously alter the secondary structure (Figure 4E and 4F).

Forced expression of SOD1 3’UTR reduces endogenous SOD1 expression

To understand whether trans-acting factors might interact with SOD1 3’UTR to sustain 

SOD1 gene expression in cancer cells, we first transfected the SOD1 3’UTR reporter 

constructs into A2780 and PANC1 cells and analyzed endogenous SOD1 protein expression 

by Western blot (Figure 5). We found that transfection of the pGL3 promoter vector or the 

vector with SOD1 3’UTR antisense did not affect endogenous SOD1 expression. However, 

transfection of SOD1 3’UTR sense vector, which shares identical sequence with endogenous 

SOD1 3’UTR, decreased endogenous SOD1 expression in a concentration-dependent 

manner, suggesting that the exogenous introduced SOD1 3’UTR competes with endogenous 

SOD1 3’UTR for the trans-acting factors that are required for maintaining SOD1 gene 

expression (Figure 5B and 5C).

AUF-1 interacts with SOD1 3’UTR to regulate SOD1 expression

The above results suggest that the interaction of the SOD1 3’UTR with the trans-acting 

RNA binding factors is required to maintain SOD1 gene expression. HuR and AUF-1 are 

two ubiquitously expressed and well-established RNA binding proteins that are widely 

involved in regulating mammalian mRNA expression (24,33–35). To test whether these 

mRNA binding proteins are involved in mediating SOD1 expression, A2780 and PANC1 

cells were transfected with scramble siRNA control or siRNA targeting HuR or AUF-1. The 

knockdown was confirmed by Western blot analysis (Figure 6A). We found that compared 

to that of HuR, knockdown of AUF-1 significantly reduces SOD1 protein expression levels 

(Figure 6A), which was accompanied by a corresponding decrease in SOD enzymatic 

activity (Figure 6B). Co-transfection of the SOD1 3’UTR reporter constructs with the 

AUF-1 siRNA significantly down-regulated the SOD1 3’UTR-driven reporter gene activity. 

In contrast, the reporter gene activity in cells transfected with control vector or the SOD1 

3’UTR antisense vector was unaffected by AUF-1 knockdown, indicating that SOD1 3’UTR 

contains specific motifs for AUF-1 to interact with (Figure 6C). Furthermore, treatment of 

A2780 cells with actinomycin D indicated that knockdown of AUF-1 modestly lows down 

SOD1 mRNA expression (Figure 7); these results are consistent with those in Figure 2, 

suggesting that AUF-1 promotes SOD1 protein translation through its 3’UTR that leads to 
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dramatic enhancement of the protein expression. The role of AUF-1 in regulating protein 

translation has been previously described (36,37).

To further confirm the regulatory role of AUF-1 in SOD1 3’UTR-mediated gene expression, 

the pGL3-SOD1 3’UTR sense vector was co-transfected with different amount of 

pcDNA3.1-AUF1 vector in PANC1 and A2780 cells. As shown in Figure 8A and 8B, forced 

expression of AUF-1 increases the SOD1 3’UTR-driven reporter gene activity in a 

concentration-dependent manner in both cell lines, further indicating that AUF-1 is a 

positive regulator of SOD1 3’UTR-mediated gene expression. Western blot and SOD 

enzymatic analysis confirmed that forced expression of AUF-1 increased SOD1 protein 

expression (Figure 8C–8D) and enzyme activity in these cell lines (Figure 8E–8F).

We then immunoprecipitated AUF-1 using cell lysates prepared from PANC1 cells and 

analyzed SOD1 3’UTR expression in the precipitates. In contrast to GAPDH-precipitated 

sample, the presence of SOD1 3’UTR was only detected by RT-PCR in AUF-1-precipitated 

sample (Figure 8G), indicating a direct interaction of AUF-1 with SOD1 3’UTR in these 

cells.

AUF-1 modulates the generation of ROS in cancer cells

SOD1 is an established antioxidant enzyme that acts in concert with other antioxidant 

molecules to maintain redox homeostasis. To determine whether AUF-1, as a SOD1 

expression regulator, might affect cellular ROS levels, PANC1 and A2780 cells were 

transfected with siRNA control (siRNA-NC) or siRNA targeting AUF-1 (siRNA-AUF-1). 

Two days after transfection, the ROS levels in the cells were analyzed using the DCF-DA 

probe. Transfection of siRNA-AUF-1 to PANC1 cells was found to promote basal ROS 

generation compared with that of siRNA-NC transfection (Figure 9A). Furthermore, 

transfection of siRNA-AUF-1 significantly enhanced radiation-induced ROS levels (Figure 

9A). Figure 9B shows the quantification and statistical analysis of the relative ROS levels 

that were significantly increased after AUF-1 knockdown in basal as well as the irradiated 

state of PANC1 cells. Similar results were obtained in A2780 cells with or without 

irradiation (Figure 9C and 9D). Because SOD1 is a superoxide dismutase, the high ROS 

level after AUF-1 knockdown is most likely due to an accumulation of cellular superoxides. 

This assumption was confirmed by direct measurement of superoxide levels in both A2780 

and PANC1 cells (Figure 9E–9F).

The expression of SOD1 correlates with that of AUF-1 in human tissues

To understand whether SOD1 expression is associated with that of AUF-1, we analyzed 

expression of these genes in human cancer tissue samples (93 cases of pancreatic cancer 

tissues, 20 cases of ovarian cancer tissues, 120 cases of esophageal cancer tissues and 20 

cases of normal esophageal tissues). Immunohistochemistry analysis showed that, in most 

cancer tissues examined, expression of SOD1 is significantly correlated to AUF-1 

expression levels (rho = 0.558, P < 0.001 in 93 pancreatic cancer tissues, Figure 10A; rho = 

0.169, P = 0.47 in 20 ovarian cancer tissues, Figure 10B; rho = 0.659, P < 0.001 in 120 

esophageal cancer tissues, Figure 10C; rho = 0.565, P = 0.044 in 20 normal esophageal 

tissues, Figure 10D). These results strongly support the involvement of AUF-1 in positively 
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regulating SOD1 gene expression in cancer tissues. The less significant association of the 

gene expression in ovarian cancer tissues may be due to the relatively small sample size. To 

further confirm the association of AUF-1 and SOD1 expression in cancer tissues, an 

Oncomine database search was performed. The search revealed a significant correlation of 

AUF-1 and SOD1 expression in both ovarian cancer and pancreatic cancer tissues (Figure 

11). The survival curves in association with SOD1 and AUF-1 expression levels in 

pancreatic carcinoma were also constructed (Supplement Figure 3).

Discussion

Eukaryotic gene expression is tightly coordinated through transcriptional and post-

transcriptional regulation. The 3’UTRs of mRNAs are targeted by trans-acting factors or 

miRNAs to post-transcriptionally regulate gene expression. The versatile function of 

3’UTRs is realized together with the complexity of the potential RNA-interacting factors 

(38). In the present study, we demonstrated that the SOD1 3’UTR significantly regulates 

SOD1 expression that has not been previously described, which reveals a novel cellular 

mechanism of SOD1 gene expression regulation in human cancer cells.

Our previous studies and reports from other groups, have demonstrated that inclusion of a 

3’UTR may lead to unchanged or decreased reporter gene activity due to miRNA targeting 

of the 3’UTR resulting in degradation of the transcripts or suppression of protein translation 

(17,18,25,39). This is clearly not the case for SOD1 3’UTR as we observed that inclusion of 

the SOD1 3’UTR in a well-established luciferase reporter gene construct dramatically 

enhanced the reporter gene activity in several human cancer cell lines. To our knowledge, 

this magnitude of the up-regulation of reporter gene activity by a 3’UTR has never been 

previously reported. The increased luciferase activity is only partially attributed to an 

increase in mRNA expression as evidenced by the analysis of the reporter gene mRNA 

levels, suggesting that SOD1 protein translation is affected by SOD1 3’UTR. The relevance 

of the SOD1 3’UTR to endogenous SOD1 expression is confirmed by introducing the SOD1 

3’UTR reporter constructs to cancer cells that leads to a down-regulation of endogenous 

SOD1 expression. This indicates that trans-acting factors or miRNAs in these model systems 

interact with SOD1 3’UTR thereby maintaining a high level expression of the gene. 

Therefore, when SOD1 3’UTR is exogenously introduced into the cells, it competes for 

these trans-acting factors or miRNAs, thereby leading to a decrease in endogenous SOD1 

expression level.

Given the large number of miRNAs annotated in the human genome, 30%–80% of human 

genes are predicted to be influenced by miRNAs (40,41). However, a direct involvement of 

miRNA regulation in maintaining high expression of the SOD1 gene is less likely to occur 

in our cancer cell model systems due to the following considerations. First, miRNAs are best 

known to bind to complementary sequences of the 3‘UTRs of target mRNAs to cause 

degradation of the transcripts and/or repression of protein translation (17,18). A dramatic 

increase of the reporter gene activity by SOD1 3’UTR does not support a direct involvement 

of miRNAs in this event. Second, even though bioinformatics predicted the presence of 

miRNA binding sites for miR-621, miR-224 and miR-377, deletion of the miRNA binding 

site for miR-621 from the SOD1 3’UTR construct had no effect on the reporter gene 
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activity, and deletion of miR-224 and miR-377 binding sites led to a reduction of the 

reporter gene activity, opposite to what was expected, which may be explained by the fact 

that these two adjacent miRNA binding sites are close to the ARE1 site that is important for 

the integrity of the SOD1 3’UTR. Third, direct application of miR-224, miR-377 or 

miR-621 mimics/inhibitors did not alter the SOD1 3’UTR-driven reporter gene activity, 

further suggesting that SOD1 3’UTR is not targeted by these miRNAs in our model system. 

Note that SOD1 was reported to be regulated by miR-377 in human and mouse neuronal 

cells (42). The discrepancy between our results and the previous report could be explained 

by the fact that miRNA regulation of gene expression is tightly controlled in a cell type-

dependent manner (43).

A serial deletion and mutation analysis of the SOD1 3’UTR, along with bioinformatics 

analysis of its secondary structure indicate the critical role of the SOD1 3’UTR sequence 

integrity in regulating SOD1 gene expression. Using RNAfold, a web-based RNA secondary 

structure analytic tool, we predicted the potential impact of deletion or mutation of the 

SOD1 3’UTR sequence on the SOD1 3’UTR secondary structure and SOD1 3’UTR-driven 

reporter gene activity (Figure 4). This prediction was tested by experimentation. Most 

notably, deletion of the miR-224/377 binding sites from the SOD1 3’UTR reporter construct 

significantly altered its secondary structure and the reporter gene activity, whereas deletion 

of the miR-621 binding site did not dramatically disrupt the secondary structure or the 

reporter gene activity. Furthermore, single deletion of the ARE 6 remarkably altered the 

secondary structure (Figure 4G) and more significantly the reporter gene activity compared 

to the deletion of ARE 3/4 and ARE 5. Deletion of any large fragment from various parts of 

the SOD1 3’UTR dramatically disrupted the secondary structure (data not shown) and the 

reporter gene activity. The importance of the SOD1 3’UTR sequence integrity in regulating 

SOD1 gene expression was further confirmed by the observation that the AREs sequence 

alone cannot sustain the SOD1 3’UTR-driven reporter gene activity (Figure 2B). Thus, the 

SOD1 3’UTR sequence integrity is critical for its secondary structure and function.

An important observation of the present study is the physical and functional association of 

AUF-1, an established RNA binding protein, with SOD1 3’UTR. AUF-1, also called 

heterogeneous nuclear ribonucleoprotein D (hnRNPD), is ubiquitously expressed in 

eukaryotic cell and binds to AREs contained in the 3’UTR of many short-lived mRNAs. 

This binding has been shown in vitro to control the stability of ARE containing mRNAs, 

including proto-oncogenes, cytokines, or other signaling molecules (44). It is known that 

AUF-1 not only regulates mRNA stability (45) but also protein translation (36,37). In the 

present study, we found that whereas knockdown of HuR had no effect on SOD1 expression 

in cancer cells, knockdown of AUF-1 attenuated endogenous SOD1 expression and SOD1 

3’UTR-driven reporter gene activity, indicating its involvement in regulating SOD1 gene 

expression via its 3’UTR. Indeed, AUF-1 directly binds to the SOD1 3’UTR as 

demonstrated by co-immunoprecipitation analysis (Figure 10G). AUF-1 clearly plays a role 

for SOD1 expression, as evidenced by attenuated SOD1 expression after AUF-1 siRNA 

knockdown and enhanced SOD1 expression after forced expression of AUF-1 in A2780 and 

PANC1 cells. Considering the magnitude of the reporter gene activity and the mRNA levels 

driven by the SOD1 3’UTR, our results suggest that AUF-1 binds to SOD1 3’UTR and 
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primarily promote SOD1 protein translation, leading to an enhanced SOD1 protein 

expression, a concept consistent with previous observations (46). Consequently, AUF-1 was 

found to regulate ROS level in these cancer cell model systems. To our knowledge, this is 

the first observation that AUF-1 is involved in regulating the antioxidant system in 

eukaryotic cells. More interestingly, we found that expression of AUF-1 is highly associated 

with that of SOD1 in ovarian, pancreatic and esophageal tissues, and the association was 

further confirmed by an Oncomine database search. These observations, along with results 

from our mechanistic study, suggest that AUF-1 regulation of SOD1 expression is a novel 

cellular mechanism that may explain why SOD1 is overexpressed in human cancer cells 

(11–13). The correlation in expression of these two genes in normal esophageal tissues may 

indicate that AUF-1 regulation of SOD1 expression is not limited to cancer cells. Further 

characterization of AUF-1 interaction with the SOD1 3’UTR is warranted to better 

understanding its contribution to SOD1 gene expression in human cells.
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Highlights

• The SOD1 3’UTR was characterized for its ability to regulate SOD1 gene 

expression

• The SOD1 3’UTR maintains high expression of the SOD1 gene independent of 

miRNAs

• AUF-1 binds to the SOD1 3’UTR to positively regulate SOD1 expression

• AUF-1 regulates the redox balance in human cancer cells

• The expression of SOD1 is correlated to that of AUF-1 in human cancer tissues
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Figure 1. Inclusion of the SOD1 3’UTR enhances luciferase reporter gene activity
(A) Cells were transfected with pGL3-Promoter Vector, pGL3-promoter-SOD1 3’UTR 

sense or pGL3-promoter-SOD1 3’UTR antisense vector. 48 h after transfection, relative 

luciferase activity was analyzed. (B) Schematic representations of the different constructs 

used for luciferase assay. The firefly luciferase reporter gene (green box), the different 

segments of SOD1 3’UTR sequences (orange box) and the PolyA region (black box) are 

shown. Various regions of the SOD1 3’UTR were inserted downstream of the luciferase 

gene at the XbaI site. (C) A2780 and (D) PANC1 cells were transfected with each construct 

and assayed for luciferase activity after 48 hours. Data represent mean ± SEM of three 

independent experiments.
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Figure 2. Inclusion of the SOD1 3’UTR modestly enhances luciferase mRNA expression
A2780 Cells were transfected with pGL3-Promoter Vector or the pGL3-promoter-SOD1 

3’UTR sense vector. Twenty-four hours after transfection, the cells were treated with 

actinomycin D (10 µM) for 16–24 h. RNA was extracted and relative firefly luciferase 

mRNA levels were analyzed by real-time RT-PCR. The luciferase mRNA level in pGL3-

promoter-SOD1 3’UTR sense transfected cells (the highest level) was equivalent to that 

amplified from 1.8 ng cDNA. Data are representative of two individual experiments 

conducted in triplicate (mean ± SEM).
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Figure 3. The integrity of the SOD1 3’UTR sequence is critical for maintaining SOD1 expression
(A) A diagram indicates the relative positions of the 6 AREs (column) and miRNA binding 

sites. Various reporter constructs with deletion of the AREs (black column) or miRNA 

binding sites in the SOD1 3’UTR were constructed. (B) A2780 and PANC1 cells were 

transfected with the indicated constructs and assayed for luciferase activity after 48 h. (C) 

A2780 and PANC1 cells were transfected with SOD1 3’UTR reporter constructs with 

miR-224, miR-377 or miR-621 binding sites deleted. Luciferase activity was determined 48 

h after transfection. (D) A2780 cells were transfected with miR-377 or miR-621 mimics/

inhibitors and SOD1 expression was analyzed by Western blot 48 h post transfection. (E) 

pGL3-SOD1 3’UTR sense vector was co-transfected with miR-377 or miR-621 mimics/

inhibitor, respectively and assayed for relative luciferase activities 48 h post tranfection. 

Data represent mean ± SEM of three independent experiments, * P < 0.05, compared with 

pGL3-SOD1 3’UTR sense vector-transfected cells.
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Figure 4. The predicted secondary structures of the SOD1 3’UTR
The predicted secondary structures of (A) the full-length SOD1 3’UTR, (B) the SOD1 

3’UTR with the miR-224 binding site deleted, (C) the SOD1 3’UTR with the miR-377 

binding site deleted, (D) the SOD1 3’UTR with the miR-621 binding site deleted, (E) the 

SOD1 3’UTR with the ARE 3 and 4 deleted, (F) the SOD1 3’UTR with the ARE 5 deleted 

and (G) the SOD1 3’UTR with the ARE 6 deleted. The structures were predicted using the 

RNAFold computer algorithm (32).
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Figure 5. Introducing exogenous SOD1 3’UTR attenuates endogenous SOD1 expression
pGL3-SOD1 3’UTR sense vector was transfected in different amounts to determine its 

influence on endogenous SOD1 expression (A). 48 h after transfection, endogenous SOD1 

protein was detected by Western blot in (B) PANC1 and (C) A2780 cells. Data represent 

mean ± SEM of three independent experiments. The relative SOD1 expression was 

quantified by densitometry. * P < 0.05, compared with untransfected control cells.
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Figure 6. AUF-1 is involved in regulating SOD1 expression via the 3’UTR
(A) Cells were transfected with the indicated siRNAs. 48 h after transfection, protein 

expression was detected by Western Blot in A2780 and PANC1 cells. (B) Relative SOD 

enzymatic activity after transfection of siRNA control or siRNA targeting AUF-1 in PANC1 

and A2780 cells. (C) Luciferase reporters were co-transfected with scramble siRNA 

(control) or the siRNA targeting HuR or AUF-1 in A2780 cells. Luciferase activity was 

determined 48 h after transfection. Data represent mean ± SEM of three independent 

experiments, * P < 0.05, compared with scramble siRNA co-transfected cells.
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Figure 7. AUF-1 regulates SOD1 mRNA expression in A2780 cells
(A). Cells were treated with actinomycin D (10 µM) for 16–40 h. Total RNA was isolated 

and SOD1 mRNA levels were determined by real-time RT-PCR analysis. The SOD1 mRNA 

level in untreated control cells was equivalent to that amplified from 2.3 ng cDNA. (B). 

Cells with AUF-1 siRNA knockdown were treated with actinomycin D (10 µM) for 16–30 h. 

Total RNA was isolated and SOD1 mRNA levels were determined by real-time RT-PCR 

analysis. The SOD1 mRNA level in untreated control cells was equivalent to that amplified 
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from 2.8 ng cDNA. Data (mean ± SEM) are representative of two individual experiments 

conducted in triplicate.
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Figure 8. AUF-1 overexpression increases SOD1 expression
pGL3-SOD1-3’UTR vector was co-transfected with the indicated amount of AUF-1 

expression vector (pcDNA3.1-AUF1) and/or control vector (pcDNA3.1) into (A) PANC1 

and (B) A2780 cells. Luciferase activity was determined 24 h after transfection. Western 

blot was performed after transfection of differing amounts of AUF-1 expression vector 

(pcDNA3.1-AUF1) into (C) PANC1 and (D) A2780 cells. Relative SOD enzymatic activity 

after transfection of control vector or AUF-1 expression vector (pcDNA3.1-AUF1) into (E) 

PANC1 and (F) A2780 cells. Cell lysate from PANC1 cells were immunoprecipitated (IP) 
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with the anti-AUF1 antibody or anti-GAPDH antibody, and RNA was isolated from the 

precipitants, reverse-transcribed, and PCR-amplified using primers covering SOD1 3’UTR 

mRNA (G).
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Figure 9. AUF-1 regulates ROS levels in PANC1 and A2780 cells
(A) Determination of ROS levels of PANC1 cells transfected with scrambled siRNA 

(siRNA-NC) or siRNA-AUF1. To induce ROS, cells were exposed to 5 Gy X-ray 

irradiation. Six hours after irradiation, the ROS levels were determined using the ROS-

sensitive dye 2’, 7’-dichlorofluorescein diacetate (DCF-DA). Fluorescent signals, reflecting 

the concentration of ROS, were analyzed by fluorescent microscopy. (B) Relative ROS level 

in the indicated group of cells as calculated by ImageJ image analysis software. (C) 

Determination of ROS levels of A2780 cells transfected with scrambled siRNA or siRNA-
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AUF1 with or without 5 Gy irradiation. (D) Relative ROS levels in the indicated group of 

cells as calculated by ImageJ image analysis software, *P < 0.01. Superoxide anion levels 

were determined in (E) PANC1 and (F) A2780 cells. Cells were transfected with siRNA-NC 

or siRNA-AUF-1 and treated with or without 5 Gy irradiation. RLU, relative light unit; *P < 

0.05, **P < 0.01. Data (mean ± SEM) are representative of three experiments.
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Figure 10. Correlation of SOD1 and AUF-1 expression in human tissue samples
IHC staining of SOD1 protein showed a significant positive correlation with AUF-1 in (A) 

93 pancreatic cancer tissues, (B) 20 ovarian cancer tissues, (C) 120 esophageal cancer 

tissues and (D) 20 normal esophageal tissues.
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Figure 11. Correlation of AUF-1 and SOD1 expression in pancreatic and ovarian cancer tissues
The log 2 median-centered expression levels of AUF1 were plotted against the expression 

levels of SOD1 from the Collisson pancreas study (28) (pancreatic carcinoma, left) and the 

Adib ovarian study (29) (ovarian serous adenocarcinoma, right) obtained from Oncomine 

and analyzed by Pearson correlation analysis (two-tailed) using GraphPad Prism version 

4.00 for Windows (GraphPad Software, San Diego California USA).
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