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Phosphatase of regenerating liver (PRL-3) promotes cancer metastasis through enhanced cell motility and
invasiveness, however its role in tumorigenesis remains unclear. Herein, we reported that PRL-3 interacts
with telomere-related protein RAP1. PRL-3 promotes the cytosolic localization of RAP1, which is counter-
acted by silencing of PRL-3. Immunohistochemical staining of colon cancer tissue array (n = 170) revealed
that high level of PRL-3 associates with cytosolic localization of RAP1 (p = 0.01). Microarray analysis
showed that PRL-3 regulates expression of diverse genes and enhances phosphorylation of p65 subunit
of NF-xB in a RAP1-dependent manner. Furthermore, PRL-3 transcriptionally activates RAP1 expression,
which is counteracted by ablating p65. Therefore, our results demonstrate PRL-3 as a novel regulator of

NF-xB signaling pathway through RAP1.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

The protein tyrosine phosphatases (PTPs) constitute a super-
family of enzymes serving as the critical regulatory components
in signal transduction pathways [1]. The phosphatase of regenerat-
ing liver (PRL) family of PTPs, including PRL-1, PRL-2, and PRL-3,
emerges as potential biomarkers and therapeutic targets for vari-
ous types of malignancy [2-4]. PRL-3 is frequently overexpressed
in a variety of cancer tissues, which correlates with disease pro-
gression and patients’ survival [5-8]. Mutation at PRL-3’s catalytic
domain could reduce cancer cell motility, suggesting PRL-3’s PTP
activity is essential for cancer cell migration [9,10]. Mechanistic
investigations show that PRL-3 stimulates invasion and motility
of cancer cells by activating the Rho family of small GTPases and
the matrix metalloproteinase-2 (MMP-2) [11,12]. PRL-3 negatively
regulates C-terminal Src kinase (Csk) and PTEN, leading to en-
hanced activities of Src kinase and PI3K/AKT signaling pathways
[13-15]. By upregulating the activity of STAT (signal transducers
and activators of transcription) pathway and the expression of
anti-apoptotic factor Mcl-1, PRL-3 confers therapeutic resistance
to small molecule inhibitors [16]. Additionally, PRL-3 could en-
hance ubiquitination and proteasome-mediated degradation of tu-
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mor suppressor p53 [17,18]. Despite of these findings, the role of
PRL-3 in tumorigenesis remains elusive.

RAP1 (Repressor/Activator Protein 1; or TRF2IP1, Telomeric
Repeat Binding Factor 2 Interacting Protein 1) was initially identi-
fied from Saccharomyces cerevisiae, which is not only required for
safeguarding chromosome ends to ensure chromosomal stability,
but also has unique functions in other contexts [19,20]. Ectopic
expression of human RAP1 was shown to accelerate telomere
lengthening [21]. By gene knockout approach, RAP1 was shown
to be essential for repressing homology-directed repair (HDR)
and inhibiting telomeric sister chromatid exchanges (T-SCEs)
[22]. By chromatin immunoprecipitation (ChIP)-coupled with
high-throughput sequencing, RAP1 was found to bind non-telo-
mere DNA sequences, which may modulate gene expression [23].
In the cytoplasma, RAP1 forms a complex with IkB kinases (IKKs)
and promotes IKKs-mediated phosphorylation of the p65 subunit
of NF-kB. Knock down of RAP1 impairs the NF-kB signal cascade
through decreased interaction between IKK1/2 and p65. RAP1-mu-
tant mice are resistant to endotoxic response and are defected in
NF-kB signal pathway upon lipopolysaccharide treatment. NF-xB
also transcriptionally activates RAP1, indicating a feedback regula-
tion of RAP1 and NF-xB pathway [24].

In this study, we identified RAP1 as novel PRL-3-binding protein.
PRL-3 promotes the cytosolic localization of RAP1. PRL-3 regulates
expression of diverse genes and enhances phosphorylation of p65
in a RAP1-dependent manner. Moreover, PRL-3 activates RAP1
expression, which is abolished by silencing of p65. Therefore, PRL-
3 functions as a regulator of NF-kB signaling pathway through RAP1.
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2. Materials and methods
2.1. Cell lines and antibodies

The human colon cancer cell lines HCT116 and LoVo were main-
tained in Dulbecco’s modified eagle medium (DMEM, Invitrogen).
Gastric cancer cell lines BGC823, MGC 803, AGS, 7901, N87, colon
cancer cell lines SW480, CL187, HT29, RKO, lung cancer cell lines
PG, GLC82, H446, H460, H1299 and A549 were grown in RPMI-1640
medium (Invitrogen, Carlsbad, CA). The media were supplemented
with 10% heat-inactivated fetal bovine serum (FBS, Invitrogen) plus
antibiotics.

Mouse anti-PRL-3 (clone 318, SC-130355), rabbit anti-p65 (SC-
372), and rabbit anti-p-tubulin (SC-9104) were purchased from
Santa Cruz (Santa Cruz, CA). Rabbit anti-RAP1 (A300-306A-2) was
from obtained from Bethyl (Montgomery, TX). Rabbit anti-GAPDH
(10494-1-AP) was from Proteintech (Chicago, IL). Rabbit anti-
Histone 2B (H2B, Ab18977) was from Abcam (Cambridge, MA).
Rabbit anti-phosph-p65 (serine536, 3031S) was from Cell signaling
(Danvers, MA).FITC-conjugated anti-rabbit secondary antibody
(ZF-0311) was from ZSGB-Bio (Beijing, China). Rabbit anti-myc
tag (AB103) and anti-GST tag (AB101) were from TianGen Biotech
(Beijing, China).

2.2. Transfection, stable cell line generation and RNA interference

Full-length human RAP1 and PRL-3 cDNAs were cloned from a
cDNA library of colon cancer cell and verified by sequencing.
PRL-3 cDNA was inserted into the pcDNA3 vector. To generate cell
line stably expressing PRL-3 and control cell line (HCT116-PRL-3
and HCT116 con), HCT116 cells were transfected with pcDNA3-
myc-PRL-3 or pcDNA3 using Lipofectamine 2000 reagent (Invitro-
gen) following provider’s suggestion. Cells were selected with
400 pg/ml of G418 (Sigma, St. Louis, MO) for 3 weeks, and resistant
colonies were pooled for subsequent studies. The sequence of
RAP1-specific short hairpin RNA (shRNA) is 5'-CACCGGAGGATTG
AATTTCGAAAGATTCAAGAGATCTTTCGAAATTCAATCCTCCTTTTTTG-
3'. The control shRNA sequcence is 5'-CCTAAGGTTAAGTCGCCCTCG
CTCGAGCGAGGGCGACTTAACCTTAGG-3'.  PRL-3-specific  small
interference RNA (siRNA) sequences are 5-CTTCCTCATCACCCAC
AACC-3' (PRL-3-1) and 5-CAGCAAGCAGCTCACCTAC-3’ (PRL-3-2).
P65-specific siRNA sequence is 5'-CAUAUGAGACCUUCAAGAGC
A-3'. The control siRNA sequence is 5'- AATTCTCCGAACGTGTCAC
G-3'. The shRNAs and siRNAs were synthesized by GenePharma
(Shanghai, China) and transfected into cells with Lipofectamine
2000 reagent.

2.3. GST pull-down assay

GST-tagged RAP1 was constructed by inserting RAP1 cDNA into
PGEX-4T1 vector. His-tagged PRL-3 was constructed by inserting
the PRL-3 cDNA into pET-28a vector. For pull-down assay, glutathi-
one-Sepharose beads (Invitrogen) were incubated with GST-RAP1
or GST purified from E. coli bacteria. After washed with phos-
phate-buffered saline (PBS), these beads were incubated with puri-
fied His-PRL-3 in binding buffer (10 mM Tris-HCl pH 8.0, 150 mM
NaCl, 1 mM dithiothreitol, 1 mM PMSF, 1% Triton-100, 10% glyc-
erol) for 4 h at 4 °C. The precipitates were washed three times,
boiled in 2x Laemmli loading buffer, separated by SDS-PAGE, and
immunoblotted with an anti-PRL-3 antibody.

2.4. Western blotting and immunoprecipitation

Cells were directly homogenized in 2x Laemmli loading buffer
for Western analysis. Equal loading was verified by probing with

anti-GAPDH. Alternatively, to make cytosolic and nuclear extracts,
cells at 80% confluence were homogenized in ice-cold buffer A
(10 mM HEPES pH 7.9, 10 mM KCl, 0.1 mM EDTA, 1 mM DTT, and
1x protease inhibitor cocktail (Roche, Indianapolis, IN)) on ice for
20 min. Samples were then supplemented with NP-40 to 0.5% (v/v),
vortexed, incubated for another 10 min, and centrifuged at 1500g
for 5 min at 4 °C. The supernatants were recovered to obtain the
cytosolic extracts. The pellets (nuclei) were washed twice with
ice-cold buffer A and directly homogenized in 2x loading buffer
to obtain the nuclear extract. The purities of cytosolic and nuclear
extracts were respectively verified by probing with anti-p-tubulin
and anti-H2B. For immunoprecipitation assay, cells were homoge-
nized in ice-cold lysis buffer containing 50 mM Tris-HCl pH 7.4,
300 mM NaCl, 50 mM NaF, 1mM EDTA, 1 mM DTT, 1% Triton
X-100, 10% glycerol, and 1x protease inhibitor cocktail. After
20 min incubation on ice, the samples were centrifuged at
12,000 rpm for 15 min, and the supernatant was recovered. After
being pre-cleared with protein A/G-coupled Sepharose beads
(Invitrogen) for 2 h, the cell lysates were immunoprecipitated with
anti-RAP1 antibody plus protein A/G Sepharose for 8 h at 4 °C. Pre-
immune serum was used as control. The precipitates were washed
four times with lysis buffer, once with ice-cold PBS, and boiled in
2x loading buffer. Protein samples were resolved by SDS-PAGE
and electroblotted onto nitrocellulose membranes, which were
blocked in 5% skim milk in PBST and probed with the indicated
antibodies. Protein bands were visualized with enhanced chemolu-
minescence system (Thermo Scientific, Rockford, IL).

2.5. Immunofluorescence (IF) staining

Cells were grown on coverslips to 60% confluence, and fixed
with cold methanol/acetic acid (1:1). Next, cells were permeabili-
zed with 0.5% Triton X-100 in PBS, washed with PBS, blocked with
5% goat serum (Sigma) at room temperature for 1 h, and incubated
with anti-RAP1 antibody at 4 °C for 16 h. After washing with 0.1%
Tween 20 in PBS for 5 times, cells were incubated with FITC-conju-
gated secondary antibody at room temperature for 45 min, fol-
lowed by washing with 0.1% Tween 20 in PBS, and
counterstaining with 4/,6-diamidino-2-phenylindole  (DAPI).
Images were acquired using a Leica TCS SP5 laser confocal micro-
scope with identical setting at room temperature.

2.6. Tissue microarray immunohistochemistry

Tumor-specific tissue microarray (TMAs, BC051111, Chaoyang
Bio, Shaanxi, China) is paraffin-embedded block containing 170 un-
ique cases of colon adenocarcinoma with varying grade and diag-
nosis. A pair of slides were dewaxed, rehydrated through
gradient alcohol, followed by heat-induced antigen retrieval using
EDTA-based retrieval solution for 20 min at 100 °C. Endogenous
peroxidase was blocked by H,0, and background was blocked with
5% nonfat milk in PBS. TMAs were then incubated with anti-RAP1
or anti-PRL-3 antibodies overnight at 4 °C. After washing with
PBS, TMAs were probed with EnVision (Dako Cytomation, Carpin-
teria, CA) at room temperature for 45 min. The stained TMAs were
independently evaluated by two pathologists. The expressions of
PRL-3 and RAP1 were evaluated by two pathologists independently
according to the previous studies [8,24].

2.7. Microarray analysis and quantitative RT-PCR

RNA was extracted from cells with Trizol reagent (Invitrogen).
Gene expression profiles in HCT116-PRL-3 and HCT116 con cells
were examined using Affymetrix GeneChip containing 41,000 tran-
scripts and variants. After normalization, the fold change of gene
expression was calculated. A P value less than 0.05 and the
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Fig. 1. PRL-3 interacts with RAP1 and promotes cytosolic localization of RAP1. (A) In vitro interaction between PRL-3 and RAP1. Recombinant His-PRL-3 and GST-RAP1
proteins were bacterially expressed, purified, and analyzed by in vitro pull-down assays. GST fusion proteins were shown by Coomassie blue staining. Precipitated His-PRL-3
was detected by Western blot with antibody against PRL-3. (B) Endogenous protein-protein interactions. Protein lysates (500 pg) from BGC823 cells were
immunoprecipitated with a polyclonal anti-RAP1 antibody or preimmune rabbit serum (as control). Precipitates and 100 pig protein (as input) were analyzed by Western
blot with indicated antibodies. IgG H, IgG heavy chain. (C) Stable expression of myc-PRL-3 in HCT116 cells. Pooled colonies were collected and protein lysates were subjected
to Western blot with indicated antibodies. (D) Association between endogenous RAP1 and exogenous PRL-3. Protein lysates from indicated cells were immunoprecipitated
with a polyclonal anti-RAP1 antibody, followed by Western blot with antibodies against myc-tag and RAP1.
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Fig. 2. PRL-3 promotes the cytosolic localization of RAP1. (A) Localization of RAP1 in BGC823 cells. Cells were transfected with 50 nM indicated siRNAs for 48 h, followed by
staining with anti-RAP1 (green). Nuclei were counterstained with DAPI (blue). Scale bar, 10 pm. (B) Verification of the silencing efficiency of siRNAs against PRL-3. 50 nM
indicated siRNAs were transfected into BGC823 cells for 48 h. (C) Immunostaining of RAP1 (green) in HCT116 cells. Nuclei were counterstained with DAPI (blue). Scale bar,
10 um. (D) Knock-down of ectopic PRL-3 decreased cytosolic distribution of RAP1. HCT116-PRL-3 cells were transfected with 50 nM indicated siRNAs for 48 h, and the
cytosolic (C) and nuclear (N) lysates were analyzed by Western blot. Anti-p-tubulin and anti-H2B were used to monitor the purities of cytosolic and nuclear lysates,
respectively. (E) Immunohistochemical staining of PRL-3 and RAP1 in colon adenocarcinoma tissue arrays. Representative images of two pairs of consecutive sections were
shown. a, negative PRL-3 staining; b, nuclear RAP1 staining; c, positive PRL-3 staining; d, nuclear and cytosolic RAP1 staining. X40 magnification; Scale bar, 100 um. and (F)
Correlation between PRL-3 and cytosolic RAP1 in colon adenocarcinoma tissues (n = 170). P value was calculated by chi-squared test using SPSS software.

fold-change threshold 2 were chosen as significant alterations in
transcription. The differentially expressed genes were analyzed
by MeV software (Designed by Dana-Farber Cancer Institute). For

validation of the expression profiles, quantitative RT-PCR reactions
were performed using SYBR Green (Applied Biosystem) according
to manufacturer’s instructions. mRNA level of GAPDH was used
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as internal control. Setting for amplification was 95 °C for 30 s, fol-
lowed by 40 cycles of 95 °C for 30s, 60 °C for 30 s, and 72 °C for
30 s. Primer sequences were shown in Supplemental Table S1.

2.8. Statistical analysis

Statistical significance was calculated by two-tailed Student’s t
test or chi-squared test using SPSS (IBM, Version19.0) software.

3. Results
3.1. PRL-3 interacts with RAP1

To further elucidate mechanism underlying the role of PRL-3 in
tumorigenesis, yeast two-hybrid screening was performed with
the full length human PRL-3 cDNA as bait. We identified RAP1 as
a novel PRL-3 interacting protein. A direct interaction between
PRL-3 and RAP1 was confirmed by GST pull-down assay using puri-
fied recombinant proteins (Fig. 1A). Co-immunoprecipitation assay

199

with protein lysates from BGC823 gastric cancer cells revealed the
association between endogenous PRL-3 and RAP1 (Fig. 1B). Next,
we stably expressed exogenous PRL-3 in the HCT116 colon cancer
cells (Fig 1C). The endogenous RAP1 could also interact with exog-
enous PRL-3 in the co-immunoprecipitation assay (Fig. 1D).

3.2. PRL-3 promotes the cytosolic localization of RAP1

Although RAP1 was regarded as a nuclear protein, recent study
highlighted the critical role of cytosolic RAP1 in NF-kB signaling
[24]. However, factor(s) determining the cytosolic localization of
RAP1 is unclear. Considering the interaction between PRL-3 and
RAP1, we sought to investigate the effect of PRL-3 on RAP1’s local-
ization. Immunofluorescencent staining of BGC823 cells revealed
that RAP1 was mainly localized in the cytoplasma (Fig. 2A). By effi-
ciently silencing endogenous PRL-3 with a siRNA (PRL-3-2)
(Fig. 2B), the cytosolic level of RAP1 was decreased and the nuclear
abundance of RAP1 was increased (Fig. 2A). Unlike in BGC823 cells,
RAP1 predominantly exhibited nuclear staining in HCT116 con
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Fig. 3. PRL-3 activates NF-«kB signaling pathway. (A) Differentially expressed genes affected by PRL-3 in HCT116 cells. The color intensity is proportional to the log, of
expression ratio (green, downregulated; red, upregulated). Biological processes are listed on the left. All genes had a FDR (False Discovery Rate) <0.15. (B) RAP1 contributes to
PRL-3-regulated gene expression. Cells were transfected with indicated shRNAs for 72 h, and RNA samples were subjected to quantitative RT-PCR analysis with primers for
indicated genes. Data show mean values + SD from two independent experiments. (C) RAP1 contributes to PRL-3-promoted p65 phosphorylation. Cells were transfected as in

(B), and cell lysates were analyzed by Western blotting.
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cells, but cytosolic distribution of RAP1 was found in the majority
of HCT116-PRL-3 cells (Fig. 2C). Next, subcellular fractionation as-
say confirmed RAP1’s cytosolic expression in HCT116-PRL-3 cells
(Fig. 2D). By knocking down ectopic PRL-3 with siRNA, cytosolic le-
vel of RAP1 was decreased (Fig. 2D). To substantiate above results,
a pair of colon adenocarcinoma tissue microarrays were immuno-
stained with antibodies against PRL-3 and RAP1, respectively
(Fig. 2E). We found there was higher incidence of cytosolic RAP1
in samples with positive PRL-3 than in those with negative PRL-3
expression (P = 0.01) (Fig. 2F). Therefore, PRL-3 is capable of induc-
ing cytosolic localization of RAP1.

3.3. RAP1 contributes to PRL-3-regulated gene expression and
phosphorylation of p65

With RNA samples extracted from HCT116 con and HCT116-
PRL-3 cells, microarray analysis was performed to examine PRL-
3’s effect on gene expression profiles. Expression of 2697 genes
was found to be altered by PRL-3, including 1394 upregulated
and 1303 downregulated genes (profiles of representative genes
were shown in Fig. 3A). These genes participate in pathways re-
lated to diverse aspects of physiological and pathological pro-
cesses, such as Toll-like receptor, ErbB, Wnt, PPAR, and NF-xB
pathways. We chose some of NF-kB pathway-related genes and
confirmed higher IL-8, VEGF-C, BCL2L1 and TNFSF1A expression in
HCT116-PRL-3 cells than in HCT116 con cells by quantitative RT-
PCR (Fig. 3B), indicating PRL-3 activates NF-kB signaling. In line
with these results, we observed enhanced phosphorylation of
p65 in HCT116-PRL-3 cells (Fig. 3C). Considering the regulatory
role of RAP1 in NF-kB pathway [24], we evaluated RAP1’s effect
on PRL-3-regulated gene expression. To this end, RAP1 was si-
lenced by shRNA (Fig. 3C). Following this treatment, both PRL-3-
stimulated gene up-regulation and p65 phosphorylation were
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greatly impaired (Fig. 3B and C). These results show that RAP1 is
essential for PRL-3-regulated gene expression and phosphorylation
of p65.

3.4. PRL-3 promotes RAP1 expression through p65

We found there was more RAP1 expression in HCT116-PRL-3
cells than in control cells (Figs. 1D and 3C), and silencing of endog-
enous PRL-3 resulted in decreased RAP1 protein in BGC823 cells
(Fig. 2B). Result of quantitative RT-PCR analysis showed higher
mRNA expression of RAP1 in HCT116-PRL-3 cells (Fig. 4A). By
examining RNA samples from 17 cancer cell lines, we found mRNA
levels of RAP1 tended to be higher in cells expressing more PRL-3
(Fig. 4B). Since NF-xB could activate transcription of RAP1 [24]
and PRL-3 stimulates NF-xB in a RAP1-dependent manner (this
study), we then knocked down p65 by siRNA. After ablation of
p65, PRL-3-promoted RAP1 was diminished (Fig. 4C). Thus, PRL-3
promotes RAP1 expression through p65.

4. Discussion

In this study, we identified a physical interaction between PRL-
3 and telomere-binding protein RAP1. RAP1 mainly resides in the
nucleus and partially in the cytoplasma [23,24], however the pre-
cise mechanism controlling RAP1 shuttles between nucleus and
cytoplasma is unclear. Despite the localization of RAP1 is distinct
in BGC823 cells and in HCT116 cells, we found cytosolic levels of
RAP1 could be modulated by silencing or overexpression of PRL-
3. Supported by TMA analysis, our results suggest a regulatory role
of PRL-3 in determining the subcellular localization of RAP1.

Through differential gene expression screening, we found PRL-3
affects expression of diverse genes, which are categorized into dis-
tinct pathways. The profiling results are not only complement with
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Fig. 4. PRL-3 promotes RAP1 expression through p65. (

A) Quantitative RT-PCR analysis of RAP1 expression in HCT116 con and HCT116-PRL-3 cells. Data show mean

values + SD from two independent experiments. (B) RT-PCR analysis of PRL-3 and RAP1 expression in different cancer cell lines. (C) PRL-3 increases RAP1 protein level in a
p65-dependent manner. HCT116 cells were transfected with control or p65-specific siRNA for 72 h, and protein lysates were analyzed by Western blotting. (D) Schematic
illustration of the role of PRL-3 in regulating RAP1 and NF-kB signaling. High expression of PRL-3 induces the cytosolic localization of RAP1. Subsequently, RAP1 activates the

NF-kB signaling pathway, which in turn stimulates RAP1 expression.
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reported function of PRL-3 in controlling cell motility, adhesion,
cell cycle, and angiogenesis [2,10-12,18,25,26], but also suggest
previously unrecognized roles of PRL-3. From this perspective,
PRL-3 may be involved in broader context of cellular events and
signaling pathways critical for tumorigenesis. We further found
that PRL-3 promotes phosphorylation of p65 and regulates expres-
sion of a subset of NF-kB targets in a RAP1-dependent manner.
Furthermore, we found PRL-3 activates RAP1 transcription in a
p65-dependent manner. By functioning as an IKK adaptor protein,
cytosolic RAP1 was shown to be essential for NF-kB cascade, mean-
while NF-kB is a positive regulator of RAP1 mRNA expression, thus
forming a feedback loop [24]. Our results are in agreement with
this finding, and underscore PRL-3’s role in modulating RAP1-NF-xB
loop via increased cytosolic RAP1 (Fig. 4D). NF-kB is pivotal for
immune response and inflammation, and deregulated NF-kB has
been implicated in promoting inflammation-related tumorigenesis
[27-29]. Because of higher expression of PRL-3 in variety of
tumors, it would be interesting to evaluate PRL-3’s contribution
to NF-kB signaling and to other newly characterized pathways in
future investigations.

By tightly associating with TRF2 (telomere repeat factor 2), nu-
clear RAP1 is tethered to the chromosomal ends and plays a role in
maintaining telomere homeostasis and genomic integrity [21-
23,30]. Our present study focused on PRL-3-induced cytosolic
localization of RAP1 and the resultant changes in gene expression,
whether or not PRL-3 regulates genomic stability through RAP1
may warrant further studies.
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