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Background: Phosphatase of regenerating liver-3 (PRL-3) has been shown to be highly 

expressed in various types of cancers and is related to poor prognosis. Our previous study 

showed that silencing of PRL-3 leads to increased reactive oxygen species (ROS). However, 

the mechanism of PRL-3 regulating ROS is not clear.

Materials and methods: PRL-3 or Repressor activator protein 1 (RAP1) was knockdown 

in human colorectal cancer cell lines HCT116 and SW480. The mRNA level was measured 

by quantitative real-time (qRT)-PCR and the protein level was measured by western blot. ROS 

was detected by specific oxidationsensitive fluorescent probes. Cell cycle was analyzed through 

flow cytometry. Luciferase assay and chromatin immunoprecipitation (ChIP) were performed to 

investigate the regulation of RAP1 by PRL-3. Gene expression correlation was analyzed through 

an interactive web server. Statistical analysis was performed with SPSS software.

Results: Knockdown of PRL-3 significantly increases mitochondrial superoxide anion, 

mitochondria membrane potential, and induces cell cycle arrest. Decreased PRL-3-induced 

mitochondrial superoxide anion accumulation is related to the downregulation of RAP1, which 

could also affect the level of mitochondria superoxide anion. PRL-3 regulates the expression 

of RAP1 through binding to the promoter of rap1 gene. PRL-3 could regulate the expression 

of peroxisome proliferator-activated receptor gamma coactivator 1 alpha (PGC-1α) through 

the mediation of RAP1. Both PRL-3 and RAP1 could regulate the expression of manganese 

superoxide dismutase 2 (SOD2) and the uncoupling protein 2 (UCP2), which may be related to 

PRL-3 suppression induced mitochondria superoxide anion.

Conclusion: Our study presents the first evidence that PRL-3 is involved in the regulation of 

mitochondria superoxide anion as a transcriptional factor.

Keywords: PRL-3, cell cycle, mitochondria, RAP1, PGC-1α, superoxide anion

Introduction
The PTP superfamily of phosphatases (PTPs) consist of a large group of enzymes, 

which are important for the regulation of various cell mechanisms.1 The phosphatase 

of regenerating liver (PRL) family of PTPs includes PRL-1, PRL-2, and PRL-3, and 

all PRLs were discovered as potential biomarkers and therapeutic targets for diverse 

types of cancers.2 Among them, PRL-3 had been found to be highly expressed in a 

variety of cancer tissues, and high PRL-3 is related with disease progression and 

poor survival outcome.2–5 Several reports from different groups demonstrated PRL-

3’s oncogenic role in promoting cancer metastasis via multiple oncogenic effector 

pathways, including PI3K/Akt,6 Src-ERK1/2.4,7–9 Besides, several proteomic analyses 

revealed that PRL-3 could widely increase intracellular protein phosphorylation.10,11 
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The previous study showed that maintenance of basal PRL-3 

levels is important for proper cell cycle progression in normal 

cells.12 Our recent study showed that overexpression of PRL-3 

could promote telomere deprotection through interaction 

with telomeric binding protein, repressor activator protein 

1 (RAP1). Meanwhile, knockdown of PRL-3 could signifi-

cantly inhibit cell proliferation and induce cell senescence,13 

which is consistent with previous reports.14–17 Furthermore, 

knockdown of PRL-3-induced cell senescence is dependent 

on the accumulation of superoxide anion.13

RAP1 has been shown to bind to telomeric and extra-

telomeric DNA and regulate metabolism and protect against 

obesity through regulating peroxisome proliferator-activated 

receptor alpha (PPARα) and peroxisome proliferator-activated 

receptor gamma coactivator 1-alpha (PGC-1α).18–20 RAP1 could 

also interact with IkappaB kinases and activates nuclear factor 

kappa B (NF-κB).21 The expression of RAP1 was significantly 

higher in tumor tissues than in adjacent non-tumor tissues,21,22 

indicating that RAP1 plays a potential role in cancer progres-

sion. Our previous investigation showed that PRL-3 activates 

NF-κB signaling pathway through the interaction with RAP1.23

Here, in this study, we investigated the mechanism 

of PRL-3 knockdown increasing superoxide anion. We 

 discovered that PRL-3 knockdown induces G1 phase arrest 

and knockdown of PRL-3-induced superoxide anion is mainly 

generated from mitochondria. Besides, we showed that PRL-3 

transcriptionally regulates RAP1 expression through binding 

to the promoter region of rap1 gene and PRL-3 regulates 

the expression of PGC-1α through RAP1. Finally, our study 

suggested that PRL-3 knockdown increased mitochondria 

superoxide anion is related to decreased PGC-1α and its 

downstream genes. Our study revealed PRL-3’s novel function 

in regulating mitochondria superoxide anion as a potential 

transcriptional factor, which will contribute to further study-

ing the role of PRL-3 in cancer progression.

Materials and methods
Cell culture and transfection
Human colorectal cancer cell lines HCT116 and SW480 were 

purchased from the Type Culture Collection of the Chinese 

Academy of Sciences (Shanghai, China) and cultured in Roswell 

Park Memorial Institute 1640 supplemented with 10% FBS plus 

1% penicillin–streptomycin. Cells were transfected with plasmid 

DNA using Lipofectamine 2000 Transfection Reagent (Thermo 

Fisher Scientific, Waltham, MA, USA) according to the manu-

facturer’s instructions. For lentiviral infection, cells were seeded 

into six-well plates at a density of 50,000 cells per well and 

transduced with lentiviral particles at a multiplicity of  infection 

of 20. The infection efficiency was determined by counting 

green fluorescent protein-expressing cells under fluorescence 

microscopy 72 hours after infection. Then, quantitative real-

time (qRT)-PCR and Western blot (WB) were used to analyze 

the transfection or infection efficiency at various time points.

Plasmids, shRnas and sgRna
Full-length human PRL-3 gene was cloned from a LoVo 

cDNA library and inserted into the pcDNA3 vector with 

myc-tag as previously described.4 Full-length human RAP1 

gene was amplified from an HCT116 cell cDNA library and 

PCR product was cloned into plasmid pcDNA3.0-HA verified 

by sequencing.22 Lentiviral vectors expressing human PRL-

3-targeting shRNA (shPRL-3) and human RAP1-targeting 

shRNA (shRAP1) were designed and constructed by GenePh-

arma (Shanghai, China).13 The target nucleotide sequences 

of the oligoduplexes were as follows: Lv-shPRL-3-3#: 5′- 
CCCAGCTCCTGTGTGGAGAAAG-3′; Lv-shPRL-3-4#: 

5′- GACCAGATGCTCATGTGTTCC-3′; Lv-shRAP1-1#: 

5′-GGAGAAGTTTAACTTGGATCT-3′; Lv-shRAP1-2#: 

5′-GAATGTAGCTCGGAGGATTGA-3′; Control shRNA 

sequence was 5′-TTCTCCGAACGTGTCACGTTTC-3′. 
Generation of PRL-3 knockout cells through the clustered 

regularly interspaced short palindromic repeat (CRISPR)-

associated endonuclease 9 (CRISPR/Cas9) system in SW480 

cells was described previously.13 The PRL-3-specific sgRNA 

sequence was 5′-AGGACCTGAAGAAGTACGGGG-3′.

Rna extraction and quantitative reverse 
transcription PCR
Total RNA was extracted using Trizol reagent (Thermo Fisher 

Scientific) under RNase-free conditions. Qualified RNA 

samples were used to synthesize cDNA with GoScriptTM 

Reverse Transcription system (Promega, Madison, WI, USA). 

qRT-PCR was performed using a StepOne Real-time PCR 

system (Thermo Fisher Scientific) and SYBR Green PCR 

master mix reagents (Toyobo, Osaka, Osaka Prefecture, 

Japan). Expression data were normalized to that of glycer-

aldehyde-3-phosphate dehydrogenase (GAPDH). Primers 

used are listed in Table 1. Each sample was performed in 

triplicate. Relative expression quantification analysis relied 

on the classical delta-delta-Ct method.

Western blotting
Total protein from cells was extracted with RIPA lysis buffer, 

quantified by a BCA kit (23225, Thermo Fisher Scientific), 

and subjected to 10% SDS-PAGE under denaturing condi-

tions. The samples were transferred to nitrocellulose filter 
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membranes (Merck Millipore, Burlington, MA, USA). Mem-

branes were blocked for 1 hour with 5% milk PBS Tween- 

20 (PBST) buffer. Afterwards, membranes were incubated 

overnight at 4°C with primary antibodies against PRL-3 

(generated by our laboratory).13 RAP1 (A300-306A-2, Bethyl 

Laboratories, Montgomery, TX, USA), GAPDH (ab8245, 

Abcam, Cambridge, UK), PGC-1α (#2178, Cell Signaling 

Technology, Danvers, MA, USA), and c-Myc (sc-40, Santa 

Cruz Biotechnology, Dallas, TX, USA). Then, membranes 

were washed three times with PBST buffer, followed by incu-

bation in goat anti-rabbit or anti-mouse secondary antibody 

conjugated with horseradish peroxidase for 1 hour at room 

temperature. After washing with PBST three times, protein 

bands were visualized using an eECL WB kit (CWBIO, 

Beijing, China).

assessment of superoxide anion, 
mitochondrial membrane potential
In this study, the oxidation-sensitive fluorescent probes dihy-

droethidium (DHE) (GMS10111.1, Genmed, Plymouth, MN, 

USA), and MitoSOX Red (M36008, Thermo Fisher Scientific) 

were used to monitor the production of cytosolic superoxide 

anions and mitochondrial superoxide anions, respectively. The 

cationic dye, tetramethylrhodamine ethyl ester perchlorate 

(TMRE) (#13296, Cell Signaling Technology) was used to 

detect the mitochondrial membrane potential in cells. HCT116 

and SW480 cells were cultured in 24-well plates. Some cells 

were treated with dimethyl sulfoxide (DMSO) as control 

(vehicle, 1:1,000), or 20 µM carbonyl cyanide 3-chlorophenyl-

hydrazone (CCCP) (#13296, Cell Signaling Technology) for 

30 minutes. The cells were incubated with 5 µM DHE or 5 µM 

MitoSOX™ reagent working solution, or 200 nM TMRE for 

20 minutes at 37°C in the dark. After washing thrice with 

warm PBS, the fluorescence was imaged with a Leica SP2 

confocal system (Leica Microsystems, Wetzlar, Germany).

Flow cytometry analysis of cell cycle
Cells were pretreated with DMSO (control) or 5 mM 

N-acetyl-l-cysteine (NAC) (616-91-1, Sigma, St. Louis, MO, 

Table 1 The primers of real-time PCR

Gene symbol Forward primer sequence (5¢–3¢) Reverse primer sequence (5¢–3¢)

GAPDH CaTCaagaaggTggTgaagCag CgTCaaaggTggaggagTgg
PGC-1α TCTgagTCTgTaTggagTgaCaT CCaagTCgTTCaCaTCTagTTCa
PRL-3 gCCCTagaCgaaCTgggTC ggCTgCaaCTgCCTaaTgag
RAP1 TgaaggaCCgCTaCCTCaag ggCTTCCaCaagCaTCTTTTTg
SOD2 gCTCCggTTTTggggTaTCTg gCgTTgaTgTgaggTTCCag
UCP2 ggaggTggTCggagaTaCCaa aCaaTggCaTTaCgagCaaCaT
MT-ND1 CaCCCaagaaCagggTTTgT TggCCaTgggTaTgTTgTTaa

USA) for 24 hours. Cells were collected after washing with 

cold PBS twice and then fixed in ice-cold 70% ethanol and 

stained with propidium iodide. The cell cycle profiles were 

assayed using the Elite ESP flow cytometry at 488 nm, and 

the data were analyzed using the CELL Quest software (BD 

Biosciences, San Jose, CA, USA).

human RAP1 gene Promoter-luciferase 
reporter constructs and luciferase assay
The RAP1 gene promoter fragment (–1,500/+150 bp) or 

(–500/+150 bp) was cloned into the polylinker site upstream 

of the luciferase gene (luc) in the pGL-Basic vector. One 

recombinant clone for each of the constructs was chosen, and 

the plasmid DNA was extracted and purified using Qiagen 

Miniprep kit (27106, Qiagen, Hilden, Germany) following 

the manufacturer’s instructions.

HCT116 and HEK293 cells were seeded in 6-well plates 

(5×105 cell/well) with 2 mL of DMEM and 10% FBS and 

grown until 80% confluence (24–36 hour). Cells were cotrans-

fected with the appropriate rap1 promoter-reporter constructs 

and the pcDNA3-myc-PRL-3 expression plasmid by using 1 

µg/well of luciferase reporter construct, 0.25 µg/well of renilla 

reporter, and 1 µg/well of pcDNA3-myc-PRL-3 (or empty 

pcDNA3 vector as a negative control). After 48 hours, cells 

were lysated and assayed for luciferase activity. Luciferase 

activity was measured using the Dual-Luciferase® Reporter 

Assay System (Thermo Fisher Scientific). All transfections 

were performed in duplicate, and experiments were repeated 

at least three times. The firefly luciferase activity was normal-

ized according to the renilla luciferase activity.

Chromatin immunoprecipitation (ChiP)
Cells were seeded in plates at 5×106 cells/plate. After 24 

hours, cells were cross-linked with 2 mM disuccinimidyl 

glutarate (Thermo Fisher Scientific) for 45 minutes, washed 

with PBS, and fixed with 1% freshly prepared solution of 

formaldehyde in PBS/Mg (v/v) for 15 minutes at room tem-

perature. Then fixed cells were washed with PBS, scraped, 

transferred into Eppendorf tubes, and lysed for 15 minutes 
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on ice. The samples were sonicated on ice for 5 minutes in 

cycles of 30 seconds on/30 seconds off. Then the sample was 

incubated with the PRL-3 antibody or negative mouse IgG 

coupled to magnetic beads overnight at 4°C with rotation. 

Precipitated complexes were eluted with elution buffer for 

30 minutes at room temperature with rotation. Samples were 

decross-linked in 200 mM NaCl, 50 mM Tris pH 6.8, 10 mM 

EDTA adding 200 µg/mL proteinase K and incubated at 65°C 

for 2 hours 30 minutes. DNA was extracted by ChIP DNA 

purification kit from Qiagen (28104, Qiagen) and used for 

qPCR analysis. qPCR primers are shown in Table 2.

gene expression correlation analysis
The gene expression correlation analysis between PRL-3 and 

RAP1, PRL-3 and superoxide dismutase 2 (SOD2), RAP1 and 

SOD2 in The Cancer Genome Atlas (TCGA) data and Geno-

type-Tissue Expression (GTEx) data was performed through 

Gene Expression Profiling Interactive Analysis (GEPIA), http://

gepia.cancer-pku.cn/index.html, a recently developed interac-

tive web server for analyzing the RNA sequencing expression.24

Mitochondrial Dna content analysis
Mitochondrial DNA content was determined in duplicate runs 

using qRT-PCR targeting the nuclear GAPDH gene and the 

mitochondrial MT-ND1. The ratio of the mtDNA compared 

with the nuclear DNA was used as an index for measuring the 

mtDNA content.25 Primers targeting GAPDH and MT-ND1 

are shown in Table 1.

statistical analysis
Statistical analysis was performed with SPSS11.5 software. 

Data were presented as mean ± SD from three independent 

experiments. Univariate comparisons of means were evalu-

ated using the Student’s t-test and/or one-way ANOVA with 

Tukey’s post hoc adjustment for multiple comparisons when 

appropriate. Correlation between different gene expressions 

was tested using Pearson’s correlation test. P<0.05 was con-

sidered a statistically significant difference.

Result
Knockdown of PRl-3 increases 
mitochondrial superoxide anion and 
induces cell cycle arrest
To examine the function of PRL-3, we generated PRL-3 

knockdown cells through lentivirus infection in HCT116 

cells and CRISPR-Cas 9 system in SW480 cells as described 

previously.13 Western blot result showed that PRL-3 was 

significantly decreased in both HCT116 and SW480 cells 

after infection (Figure 1A). Knockdown of PRL-3 greatly 

increased  superoxide anion level detected by DHE (Figure 

1B), which is a specific probe of superoxide anion. As 

superoxide anion mainly originates from mitochondria.26 

We then detected superoxide anion with MitoSOX, which 

is a specific detecting probe of superoxide anion generated 

from mitochondria, and that PRL-3 knockdown cells showed 

greatly increased MitoSOX fluorescence, suggesting PRL-3 

knockdown-induced superoxide anion was mainly generated 

from mitochondria (Figure 1B). Previous studies have shown 

that increase of mitochondrial membrane potential results in 

formation of superoxide anion in mitochondria.27 Here, we 

stained the mitochondria with TMRE dye, which was widely 

used to measure the mitochondrial transmembrane potential. 

We discovered that knockdown or knockout of PRL-3 greatly 

enhanced the mitochondrial transmembrane potential in both 

HCT116 and SW480 cells (Figure 1C). We further treated 

the cells with CCCP, which is a mitochondrial membrane 

potential disruptor. We found that treatment with CCCP 

clearly suppressed PRL-3 knockdown strengthened MitoSOX 

staining (Figure 1D), implying PRL-3 knockdown-promoted 

superoxide anion generation in mitochondria is dependent on 

its effect on mitochondrial transmembrane potential.

ROS has been broadly proven to affect cell signaling 

 pathway, immune response, and other physiological responses.28 

High levels of ROS could cause damage to DNA, protein or 

lipids and further restrain cell proliferation and induce cell 

death. Here, we measured PRL-3’s effect on cell cycle arrest. 

Knockdown of PRL-3 could induce apparent G1 phase arrest 

Table 2 The primers of ChiP-qPCR

Region Forward primer sequence (5¢–3¢) Reverse primer sequence (5¢–3¢)

a aTaCaaaaaTTggCCagCCaT aTgaaaaagaaaagagaaaTg
b TCagggTCTggCTCCgTCTC CCCagCTaCTCgggagaCTg
c aTaaCaagTgCgCgCCaCgg aTCCCTggagTaTgTaggTT
d TTgggagTggTTaaCaaaga CTTTTCagaaagaCCTTCaa
e CTagggTaTTTaaCaTTTCT CCagCTggCaCCggCgggaT
f aCgTCTCagCaTgTgCgTaC gaagaTggCggCCgTgCagg
g gaggaTagTaCgTTaaTTTC aCTaCTagaagagCTaCCCC

Abbreviation: ChiP, chromatin immunoprecipitation.
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(Figure 1E). However, treatment of the cells with 5 mM NAC 

for 24 hours significantly diminished PRL-3 knockdown-caused 

G1 phase arrest (Figure 1E), indicating decreased PRL-3-in-

duced cell cycle arrest is related to increased superoxide anion, 

which is consistent with our previous study.29

PRl-3 transcriptionally regulates the 
expression of RaP1
As a transcriptional regulator, RAP1 could affect the 

expression of PGC-1α, which is crucial for mitochondria 

Figure 1 Knockdown of PRl-3 increases mitochondrial superoxide anion and induces cell cycle arrest (A) Knockdown of PRl-3 in hCT116 cells, and knockout of PRl-3 in 
sW480 cells. “WT” is wild-type cells, which is the control for PRl-3 knockout cells. “nC” is negative control, which is shRna control that encodes for a scrambled sequence. 
(B) Representative Dhe and MitosOX staining in PRl-3 knockdown or knockout cells. (C) Detecting mitochondria membrane potential through TMRe staining in PRl-3 
knockdown or knockout cells. (D) MitosOX staining after PRl-3 knockdown cells were pretreated with CCCP. Treating the PRl-3 knockdown or knockout cells with 20 
µM CCCP for 30 minutes at 37°C with 5% CO2, and then staining the cells with MitosOX. (E) Representative cell cycle analysis and summarized flow cytometry data. Cells 
were pretreated with DMsO (control) or 5 mM naC for 24 hours at 37°C with 5% CO2.
Abbreviations: CCCP, carbonyl cyanide 3-chlorophenylhydrazone; Dhe, dihydroethidium; naC, N-acetyl-l-cysteine; PRl, phosphatase of regenerating liver; TMRe, 
tetramethylrhodamine, ethyl ester.
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function and glucose, fatty acid metabolism, and ROS 

metabolism.30–32 Our former study showed that PRL-3 

could interact with RAP1 and affect its expression,23 but 

the specific mechanism is not fully studied. Here, we exam-

ined whether PRL-3 could transcriptionally modulate the 

expression of RAP1. Overexpression of PRL-3 in HCT116 

and SW480 cells both increased the protein (Figure 2A, 

left) and mRNA (Figure 2B, up) levels of RAP1. In turn, 

decreased PRL-3 reduced the protein (Figure 2A, right) 

and mRNA ( Figure 2B, bottom) levels of RAP1. We next 
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investigated the mechanism of PRL-3 regulating RAP1 

expression through luciferase reporter assay. We constructed 

pGLB-RAP1-promoter (–1,500/+150) plasmid and pGLB-

RAP1-promoter (–500/+150) plasmid. Luciferase reporter 

assays showed that overexpression of PRL-3 markedly 

increased the luciferase activity of pGLB-RAP1-promoter 

(–1,500/+150) but not pGLB-RAP1-promoter (–500/+150) 

(Figure 2C), indicating PRL-3 could bind to the promoter 

(−1,500/–500) of RAP1 gene and regulate RAP1 expres-

sion. Consistently, our ChIP assay using PRL-3 antibody 

and qPCR result showed that PRL-3 could bind to the b 

and d regions between –1,500 bp and –500 bp of RAP1 

gene promoter (Figure 2D). We also conducted expression 

correlation analysis in TCGA data and GTEx data through 

GEPIA, and the expression level of PRL-3 was positively 

correlated with that of RAP1 in both TCGA data and GTEx 

data (Figure 2E). These results revealed that PRL-3 could 

positively regulate RAP1 expression through binding to the 

promoter of RAP1 gene.

Overexpression of RaP1 attenuates 
PRl-3 knockdown induced mitochondrial 
superoxide anion
Next, we tried to find whether PRL-3 knockdown induced 
mitochondrial superoxide anion is associated with RAP1. 
We first explored RAP1’s effect on superoxide anion level. 

Figure 2 PRl-3 transcriptionally regulates the expression of RaP1. 
Notes: (A) Western blot results showed that overexpression of PRl-3 increased the RaP1 level (left), and silencing of PRl-3 decreased RaP1 level (right). (B) RT-PCR 
results showed that overexpression of PRl-3 increased RaP1 level (upper) and silencing of PRl-3 decreased RaP1 level (lower). (C) Dual luciferase reporter assays of 
rap1 gene promoter in hCT116 and 293 T cells expressing pcDna3.0-myc-nC/PRl-3 and pglB-RaP1(–1,500/+150)/ (–500/+150). Results were normalized to the activity 
obtained in cells transfected with pcDna3.0-myc-nC and pglB-RaP1 (–1,500/+150). (D) ChiP assay using PRl-3 or igg in hCT116 cells, and qPCR of different promoter 
regions of rap1 gene. Values correspond to the ratio between the PRl-3 antibody immunoprecipitated Dna with respect to the igg immunoprecipitated Dna. (E) gene 
expression correlation analysis between PRl-3 and RaP1 in TCga data (P=0.0005, R=0.52) and gTex data (P<0.0001, R=0.59). Mean ± sD of three independent experiments. 
*P<0.05, **P<0.01, and ***P<0.001.
Abbreviations: igg, immunoglobulin g; PRl, phosphatase of regenerating liver; RT-PCR, real-time PCR; RaP1, repressor activator protein 1; TMRe, tetramethylrhodamine, 
ethyl ester.
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Figure 3 Overexpression of RaP1 attenuates PRl-3 knockdown induced mitochondrial superoxide anion.
Notes: (A) Knockdown of RaP1 in hCT116 and sW480 cells. (B) Representative Dhe and MitosOX staining in RaP1 knockdown cells. (C) Overexpression of RaP1 in PRl-
3 knockdown or KO cells. pcDna3-RaP1-ha and pcDna3-vector-ha were transfected in PRl-3 knockdown cells. (D) Representative Dhe staining after overexpression 
of RaP1 in PRl-3 knockdown or KO cells. (E) Representative MitosOX staining after overexpression of RaP1 in PRl-3 knockdown or KO cells.
Abbreviations: Dhe, dihydroethidium; gaPDh, glyceraldehyde-3-phosphate dehydrogenase; KO, knockout; PRl, phosphatase of regenerating liver; RaP1, repressor 
activator protein 1; WT, wild-type.
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The expression of RAP1 was suppressed through shRNAs 
in both HCT116 and SW480 cells (Figure 3A). We detected 
superoxide anion level using DHE and MitoSOX. Knock-
down of RAP1 resulted in increased superoxide anion level 
in both HCT116 and SW480 cells (Figure 3B).

Then, we detected the superoxide anion after overexpress-

ing RAP1 in PRL-3 knockdown cells. The result showed that 

overexpressing RAP1 could attenuate PRL-3 knockdown-

strengthened DHE and MitoSOX staining (Figure 3C–E), 

suggesting that PRL-3 knockdown-induced mitochondrial 

superoxide anion is associated with down-regulated RAP1.

Knockdown of PRl-3 decreases 
the expression of PgC-1α and its 
downstream genes
Through Western blot and qRT-PCR, we confirmed that in 

HCT116 and SW480 cells, knockdown of RAP1 significantly 

decreased the protein and mRNA levels of PGC-1α (Figure 

4A), which is consistent with previous reports.18,19 It is interest-

ing that knockdown of PRL-3 also decreased the protein and 

mRNA levels of PGC-1α (Figure 4B). Due to PRL-3’s effect 

on RAP1 expression, we hypothesize that RAP1 is involved in 

PRL-3’s regulation of PGC-1α. We first overexpressed PRL-3 

in HCT116 and SW480 cells, and PRL-3 overexpression 

increased the expression of PGC-1α (Figure 4C). Then we 

knockdown RAP1 in the PRL-3 overexpressing and control 

cells. Knockdown of RAP1 in PRL-3 overexpressing cells sup-

pressed PRL-3-induced upregulation of PGC-1α (Figure 4C), 

suggesting PRL-3 regulates the expression of PGC-1α through 

RAP1. PGC-1α is a transcriptional co-activator, which binds to 

various transcription factors and regulates oxidative metabo-

lism and mitochondrial biogenesis. Knockdown of PGC-1α 

results in reduced mitochondrial DNA.33 Then we tested the 

effect of decreased PRL-3 and RAP1 on mitochondria biogen-

esis through measuring mitochondria DNA content. The result 

showed that knockdown of either PRL-3 or RAP1 reduced 

mitochondria DNA content (Figure 4D), which is probably 

related with decreased PGC-1α.

We further studied PRL-3 and RAP1’s effect on PGC-1α’s 

downstream genes, SOD2 and uncoupling protein 2 (UCP2), 

which are two important ROS-detoxifying proteins identified 

in mitochondria to reduce the damaging effect resulted from 

excessive oxidative stress.32,34,35 Knockdown of either PRL-3 

or RAP1 decreased the expression of SOD2 and UCP2 (Fig-

ure 4E). We also analyzed the expression correlation between 

PRL-3 and SOD2, RAP1 and SOD2. The result showed that 

the expression levels of both PRL-3 and RAP1 are positively 

correlated with that of SOD2 in TCGA data and GTEx data 

(Figure 4F). These data suggest that decreased PGC-1α and 

its downstream genes, SOD2 and UCP2, may contribute to 

increased superoxide anion induced by knockdown of either 

PRL-3 or RAP1.

Discussion
Our study showed that knockdown of PRL-3 could highly 

increase mitochondrial superoxide anion and mitochondrial 

membrane potential, and cause cell cycle arrest. We discov-

ered that PRL-3 could transcriptionally regulate RAP1. We 

further concluded that PRL-3 knockdown-induced mitochon-

drial superoxide anion is associated with the regulation of 

RAP1 and PGC-1α.

PRL-3 was mainly reported to promote cancer cell 

metastasis and invasion through activating diverse oncogenic 

signaling pathways, and as a biomarker of poor prognosis.2–4 

Previous studies about PRL-3’s effect on cell proliferation are 

conflicting.7,12,14,15,17 Both overexpression and knockdown of 

PRL-3 have been shown to inhibit mouse embryonic fibro-

blasts cell proliferation, suggesting the complex role of PRL-

3’s expression in cell cycle regulation.12 In our recent study, we 

discovered that knockdown of PRL-3 significantly decreased 

cell proliferation through enhanced production of superoxide 

anion without obvious effect on the telomere integrity.13 Our 

result is consistent with previous reports showing decreased 

PRL-3 expression could reduce cell proliferation.5,12,15,17 In 

this study, we further explored the mechanism of superoxide 

anion generation after PRL-3 knockdown. Mitochondrial 

respiration is inhibited at high mitochondrial membrane 

potential, accompanied by increased ROS formation.27 We 

found that knockdown of PRL-3 could largely increase the 

mitochondrial membrane potential, which promotes the 

production of superoxide anion in mitochondria. However, 

the mechanism of decreased PRL-3 increasing mitochondrial 

membrane potential is not clear. In our study, we found that 

knockdown of PRL-3 could inhibit the expression of UCP2, 

which was reported to reduce mitochondrial membrane 

potential hyperpolarization and prevent ROS production 

under stress,36,37 suggesting that UCP2 might participate in 

PRL-3’s role in regulating mitochondria membrane potential. 

Superoxide anion is a main form of ROS, which could react to 

form the other two ROS, such as hydroxyl radical (OH∙) and 

nonradical oxygen derivatives. Mitochondria are the major 

organelles that produce ROS within cells.38 Various reports 

showed that increased ROS from mitochondria could cause 

cell senescence and apoptosis.39–41 In our previous study, we 

treated PRL-3 knockdown cells with ROS scavenger, NAC 

or glutathione (GSH), and then PRL-3 knockdown-induced 

cell senescence was compromised.13 Here, in this study, 

we further revealed that knockdown of PRL-3-induced 
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Figure 4 Knockdown of PRl-3 decreases the expression of PgC-1α targeted sOD2 and UCP2.
Notes: (A) Western blot (up) and RT-PCR (bottom) results showed that knockdown of RaP1 decreased the expression of PgC-1α. (B) Western blot (up) and RT-PCR 
(bottom) results showed that knockdown of PRl-3 decreased the expression of PgC-1α. (C) Knockdown of RaP1 in PRl-3 overexpressing cells suppressed the upregulation 
of PgC-1α. PRl-3 was overexpressed through transfection of pcDna3-PRl-3-myc, and pcDna3-vector-myc as control. Then RaP1 was knockdown through shRna 
lentivirus infection. (D) Measurement of relative mtDna by RT-PCR after knockdown of either PRl-3 or RaP1. (E) Knockdown of either RaP1 (up) or PRl-3 (bottom) 
decreased the mRna level of sOD2 and UCP2. (F) gene expression correlation analysis between PRl-3 and sOD2, RaP1 and sOD2 in TCga data (PRl-3-sOD2: P=0.0012, 
R=0.49; RaP1-sOD2: P<0.0001, R=0.29) and gTex data (PRl-3-sOD2: P<0.0001, R=0.28; RaP1-sOD2: P<0.0001, R=0.25). Mean ± sD of three independent experiments. 
*P<0.05, **P<0.01, and ***P<0.001.
Abbreviations: RaP1, repressor activator protein 1; RT-PCR, real-time PCR; sOD2, superoxide dismutase 2; UCP2, uncoupling protein 2.
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mitochondrial superoxide anion is responsible for PRL-3 

knockdown-caused G1 phase arrest.

RAP1 has been reported to be involved in lipid metabo-

lism through regulation of PPARα and PGC-1α.18,42 PGC-1α 

plays a pivotal role in the regulation of ROS metabolism and 

mitochondrial biogenesis.32 It is reasonable that RAP1 may 

have a role in mitochondrial superoxide anion production. 

Our previous study showed that PRL-3 affects the expression 

of RAP1, so we supposed that knockdown of PRL-3-induced 

superoxide anion is very possibly associated with RAP1. 

Then we investigated how PRL-3 mechanically regulates 

RAP1 expression. Through luciferase reporter and ChIP 

assays, we confirmed that PRL-3 could bind to the promoter 

of RAP1 gene and enhance the transcription of RAP1 gene, 

revealing that PRL-3 could act as a transcriptional enhancer 

to upregulate the expression of RAP1. Previous studies about 

PRL-3’s role in cellular signaling were mainly focused on the 

proteins indirectly activated by PRL-3, such as ATK,10 SRC,7 

and EGFR.43 Our study provided a new possible mechanism 

that PRL-3 may regulate cell process through acting as a 

transcriptional factor. However, it is not clear whether PRL-3 

binds to the RAP1 promoter DNA directly or through the 

interaction with other DNA binding proteins. PRL-3 does 

not contain a DNA binding domain, and our previous study 

showed that PRL-3’s binding to telomere DNA is dependent 

on its interaction with RAP1,13 so it is very likely that PRL-3 

binds to rap1 promoter DNA through the interaction with 

other DNA binding proteins.

We next detected the effect of knockdown of RAP1 on the 

production of mitochondrial superoxide anion and found that 

knockdown of RAP1 highly increased mitochondrial super-

oxide anion as PRL-3 did. Overexpression of RAP1 in PRL-3 

knockdown cells inhibited the increase of mitochondrial 

superoxide anion, demonstrating that RAP1 truly participates 

in the regulation of mitochondrial superoxide anion produc-

tion, and knockdown of PRL-3-induced superoxide anion is 

associated with RAP1. We also discovered that knockdown 

of either RAP1 or PRL-3 significantly decreased the protein 

and mRNA levels of PGC-1α. And, knockdown of RAP1 

could inhibit PRL-3’s upregulation of PGC-1α, implying 

that PRL-3’s effect on the expression of PGC-1α is mediated 

by RAP1. Suppression of PGC-1α prevents the induction 

of SOD2 and UCP2 in response to oxidative stress.32 We 

further found both SOD2 and UCP2 were decreased after 

knockdown of either PRL-3 or RAP1. As SOD2 is a critical 

superoxide dismutase, and UCP2 could stabilize mitochon-

dria membrane potential and then reduce the production of 

ROS,36,37 decreased SOD2 and UCP2 are probably the main 

cause of increased mitochondrial superoxide anion in both 

PRL-3 and RAP1 knockdown cells.

In summary, our study revealed a heretofore undescribed 

role for PRL-3 in mitochondrial superoxide anion generation 

as a transcriptional factor. We discovered that knockdown 

of PRL-3 could increase mitochondrial superoxide anion 

and mitochondria membrane potential, which induces G1 

phase arrest in colon cancer cell lines. We also showed that 

knockdown of RAP1 could increase mitochondrial super-

oxide anion, which is in accord with its role in metabolism. 

We proved that PRL-3 could act as a transcriptional factor 

as it regulates the expression of RAP1 through binding to 

the promoter of rap1 gene. Furthermore, PRL-3 affects the 

expression of PGC-1α and its target genes via RAP1 to 

regulate the accumulation of mitochondrial superoxide anion. 

Our study will benefit the investigation of PRL-3’s role in 

cancer progression in the future.
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