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ABSTRACT
SET oncoprotein is an endogenous inhibitor of protein phosphatase 2A (PP2A), 

and SET-mediated PP2A inhibition is an important regulatory mechanism for 
promoting cancer initiation and progression of several types of human leukemia 
disease. However, its potential relevance in solid tumors as non-small cell lung cancer 
(NSCLC) remains mostly unknown. In this study, we showed that SET was evidently 
overexpressed in human NSCLC cell lines and NSCLC tissues. Clinicopathologic analysis 
showed that SET expression was significantly correlated with clinical stage (p < 
0.001), and lymph node metastasis (p < 0.05). Kaplan-Meier analysis revealed that 
patients with high SET expression had poorer overall survival rates than those with 
low SET expression. Moreover, knockdown of SET in NSCLC cells resulted in attenuated 
proliferative and invasive abilities. The biological effect of SET on proliferation and 
invasion was mediated by the inhibition of the PP2A, which in turn, activation of 
AKT and ERK, increased the expression of cyclin D1 and MMP9, and decreased the 
expression of p27. Furthermore, we observed that restoration of PP2A using SET 
antagonist FTY720 impaired proliferative and invasive potential in vitro, as well as 
inhibited tumor growth in vivo of NSCLC cells. Taken together, SET oncoprotein plays 
an important role in NSCLC progression, which could serve as a potential prognosis 
marker and a novel therapeutic target for NSCLC patients.

INTRODUCTION

Lung cancer is one of the leading causes of cancer 
deaths world-wide, and non-small cell lung cancer 
(NSCLC) accounts for approximately 80% of lung cancer 
diagnoses [1]. In spite of advances in developing more 
efficient surgical techniques and novel chemotherapeutic 
interventions, as well as targeted therapies, the long-
term survival rate of NSCLC patients remains poor 
[2, 3]. Therefore, there is an urgent need for further 
understanding of the molecular mechanisms in lung cancer 
initiation and progression, and for identifying effective 
prognostic and diagnostic biomarkers and new therapeutic 
targets to improve the prognosis of patients.

Recent evidence suggests that there is a tight 

regulation of phosphatase and kinase activity in cancer 
cells [4-6]. Protein phosphatase 2A (PP2A), one of the 
main serine-threonine phosphatases, maintains cell 
homoeostasis by counteracting most of the kinase-driven 
intracellular signaling pathways [7]. PP2A has been 
shown to be genetically altered or functionally inactivated 
in many solid cancers and leukemia, and inhibition of 
PP2A activity or loss of some of its functional subunits is 
critical to promote cell transformation, tumor progression, 
and angiogenesis, which indicates that PP2A has tumor 
suppressive roles [7-9]. Consistent with its role as a tumor 
suppressor, PP2A plays a critical role in the regulation 
of cell-cycle progression, survival, and differentiation 
by negatively regulating the PI3K/AKT pathway [10, 
11], and dephosphorylating and inactivating MEK1 and 
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ERK family kinases [12, 13], or decreasing the stability 
and function of c-MYC transcription factors [14, 15]. 
Therefore, reactivation of PP2A activity base on its tumor 
suppressor properties is considered to be an attractive 
therapeutic strategy for human cancer treatment [16-18].

SET oncoprotein, also known as I2PP2A, is a 
potent physiologic inhibitor of PP2A [19]. SET protein 
directly binds with PP2Ac through its both N-terminus 
and C-terminus regions, and inhibits PP2A phosphatase 
activity [20]. The SET oncoprotein participates in the 
regulation of a wide variety of molecular processes 
[21-24]. Of importance, SET plays an oncogenic role 
modulating signaling pathways with high relevance in 
human cancer [25]. Several studies showed that SET 
was up-regulated in acute myeloid leukemia [26], head 
and neck squamous cell carcinoma (HNSCC) [27], 
colorectal cancer [25], and breast cancer [28]. Increased 
accumulation of the SET oncoprotein in these cancer cells 
accounts for decreased PP2A activity, and overexpression 
of SET promotes cell proliferation, survival, drug 
resistance, invasion and metastasis [25, 29-31]. Notably, 
restoration of PP2A activity through silencing of SET, 
or pharmacologic activation by SET antagonist FTY720 
(fingolimod) resulted in reduced tumorigenesis in vitro 
and in vivo [32-36]. However, currently, little information 
has addressed the clinical significance of SET and the 
molecular mechanisms by which SET promotes the tumor 
progression of NSCLC.

In the present study, we found that SET expression 
was significantly increased in NSCLC cells and tissues, 
and was closely associated with tumor progression and 
poor prognosis. Knockdown of SET significantly inhibited 
the proliferation and invasion of NSCLC cells in vitro via 
activation of PP2A activities, and inhibition the AKT and 
ERK signaling pathway. Furthermore, SET antagonist 
FTY720 treatment increased PP2A activity, impaired cell 
proliferation, clonogenic potential and tumor growth of 
NSCLC cells in vitro and in vivo. Our data provide strong 
evidences that overexpression of SET was an independent 
prognostic factor for NSCLC patients, and inhibition of 
SET could be a promising therapeutic target in NSCLC. 

RESULTS

SET is overexpressed and associated with poor 
prognosis in human NSCLC

We first examined SET expression in a panel of 7 
human NSCLC lines and 1 normal human lung epithelial 
cell line BEAS-2B. Western blot (Figure 1A) and RT-
PCR (Figure 1B) showed high level of SET in nearly 
all of NSCLC lines compared with BEAS-2B. We then 
determined SET expression in clinical samples using 

immunohistochemistry analysis in 163 NSCLC specimens 
and 42 adjacent normal tissues and found that SET was 
overexpressed in 91.4% of tumor samples (149 of 163). 
While the adjacent normal tissues exhibited undetectable 
or low SET staining (Figure 1C and 1D). These results 
indicated that SET might be a critical molecule in lung 
cancer development.

Next, we analyzed the relationship between SET 
expression levels and clinicopathological characteristics. 
As shown in Table 1, no statistically significant 
correlations were observed between the expression of 
SET expression and gender, or age at diagnosis (P > 0.05). 
However, statistically significant correlations between 
high levels of SET expression were found with advanced 
TNM stage (P < 0.001), lymph node metastasis (P = 
0.017).

To evaluate the prognostic value of SET expression 
in NSCLC, we divided the NSCLC patients into SET high 
and low expression groups based on a ROC curve cutoff 
score of 5. The expression of SET in each sample was 
subsequently classified as either high level (score ≥ 5) 
or low level (score < 5). Survival analysis revealed that 
NSCLC patients with high SET expression had poorer 
overall survival than those with low SET expression (P 
< 0.01; Figure 1F). Altogether, our present data suggested 
that SET is overexpressed in NSCLC and high level of 
SET expression is a prognostic predictor of progression 
and poor prognosis of NSCLC patients.

Knockdown of SET suppress NSCLC cell 
proliferation and invasion

To investigate the biological effect of SET 
deregulation on lung cancer cells, A549 and H460 cells 
were transfected with SET siRNA and performed using 
MTS, BrdU, and clonogenic assay. As shown in Figure 
2, knockdown of SET (Figure 2A) significantly decreased 
cell viability (Figure 2B) and decreased the Brdu positive 
cells (Figure S1) in A549 and H460 cells compared to that 
of the control group. Furthermore, colony formation was 
also reduced after transfection with SET siRNA (Figure 
2C). 

In order to examine the role of SET in NSCLC 
cell invasion and migratory, we evaluated the effect 
of knockdown of SET on NSCLC cell invasion and 
migratory by transwell assays. As shown in Figure 2D, 
knockdown of SET drastically reduced the invasive ability 
of A549 and H1975 cells compared to that of control. 
Wound healing assay also showed that knockdown of SET 
significantly decreased the migratory speed of H1975 cells 
(Figure 2E). 

Furthermore, we evaluated the effects of SET on the 
expression of several proliferative and invasive protein 
markers. Western blot analysis revealed that knockdown 
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SET markedly enhanced the protein expression of cyclin-
dependent kinase inhibitor p27 kip1, however suppressed 
the protein expression of Cyclin D1, as well as decreased 
the expression of matrix metalloproteinase 9 (MMP-9) 
(Figure 2F). Altogether, our results demonstrated that 
SET contributes greatly to the development of NSCLC 
cell proliferation and invasion.

Inhibition of PP2A is essential for SET-induced 
proliferation and invasion

The SET oncoprotein participates in the regulation 
of cellular molecular processes by inhibiting the tumor 
suppressor PP2A [19]. Then, we analyzed whether SET 
deregulation can alter the effects of the tumor suppressor 
PP2A in NSCLS cells. As expected, we observed PP2A 

Figure 1: SET is overexpressed and associated with prognosis in NSCLC. A. Western blot analysis of SET protein levels 
in normal human lung epithelial cell line BEAS-2B and NSCLC cell lines. B. RT-PCR analysis of SET mRNA levels in BEAS-2B and 
NSCLC cell lines. Experiments were repeated three times. *P < 0.05. C. Immunohistochemistry analysis of SET protein levels in NSCLC 
specimens and adjacent normal tissues. Representative immunohistochemical staining examples of SET protein expression in adjacent 
normal tissues and four different lung cancer tissues (Scale bar, 50 μm). The lung cancer tissue sections were quantitatively scored according 
to the percentage of positive cells and staining intensity as described in Materials and Methods. The percentage and intensity scores were 
multiplied to obtain a total score (range, 0–12), and the tumors were finally determined as negative (−), score 0; lower expression (+), score 
≤4; moderate expression (++), score 5-8; and high expression (+++), score ≥9. D. SET expression scores in NSCLC specimens and adjacent 
normal tissues. E. Survival curves of NSCLC patients with low expression versus high expression of SET (P < 0.01, log-rank test). **P < 
0.01 vs. adjacent normal tissues based on Student’s t-test.
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Figure 2: Inhibition of SET expression suppressed the proliferation and invasion of NSCLC cells in vitro. A. A549 
and H460 cells were transfected with SET-siRNA, SET protein expression was analyzed by using the Western blot method. GAPDH 
was employed as an inner control. B. A549 and H460 cells were transfected with SET-siRNA for 48 h, cell viability was evaluated by 
MTS assay. C. Colony forming ability of A549 and H460 cells transfected with SET-siRNA. (Left) Colonies were fixed with acetic acid-
methanol (1:4) and stained with crystal violet. (Rgiht) The number of colonies was from three independent experiments. D. A549 and 
H1975 cells were transfected with SET-siRNA, cell invasive ability was detected by Matrigel invasion assay. (Left) Cells that adhered to the 
lower surface of the filtered were stained with hematoxylin. (Right) The number of migrated cells was from three independent experiments. 
E. The migratory speed of SET-siRNA-expressing A549 and H1975 cells was monitored through a scratch wound assay. F. A549 and H460 
cells were transfected with SET-siRNA, the expression of p21, p27, Cyclin D, Cyclin E, MMP2, and MMP9 were analyzed by Western blot. 
Experiments were repeated three times. *P < 0.05, **P < 0.01.
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activation after SET silencing (Figure 3A). To evaluate 
whether SET induced cell proliferation and invasion is 
due to inhibition of PP2A actiivity, we compared cell 
proliferation, colony formation and cell invasion in SET-
siRNA expressing A549 cells and its control cells in the 
presence and absence of PP2A inhibitor okadaic acid 
(O.acid). Our results showed that O.acid significantly 
reversed the cell proliferation inhibited by SET siRNA 
(Figure 3B, Figure S2). Moreover, the number of colonies 
and invasive cells were also dramatically increased when 
SET-siRNA expressing cells were separately treated with 

O.acid (Figure 3C and 3D). 
We next examined whether the inhibition of PP2A 

had any effect in the phosphorylation status of previously 
described PP2A targets. Consistent with previous reports 
about the effects of PP2A activation in other tumor models 
[12], knockdown of SET decreased phosphorylation of 
the PP2A targets AKT and ERK1/2 without affecting 
their expression levels (Figure 3E). Moreover, treatment 
of O.acid rescued AKT and ERK1/2 phosphorylation in 
SET-knockdown A549 cells, as well as in SET-knockdown 
H460 cells (Figure 3E). Of importance, treatment of 

Figure 3: Inhibition of PP2A is essential for SET-induced proliferation and invasion. A. A549 and H460 cells were transfected 
with SET-siRNA. PP2A activity was measured by PP2A immunoprecipitation phosphatase assay. B. A549 cells were transfected with SET-
siRNA alone or in combination with 0.25 nmol/L okadaic acid for 48 h, cell viability was evaluated by MTS assay. C. Colony forming 
ability of H460 cells transfected with SET-siRNA alone or in combination with 0.25 nmol/L okadaic acid. D. A549 and H460 cells were 
transfected with SET-siRNA alone or in combination with 0.25 nmol/L okadaic acid, cell invasive ability was detected by Matrigel invasion 
assay. E. A549 and H460 cells were transfected with SET-siRNA alone or in combination with 0.25 nmol/L okadaic acid, levels of p-AKT, 
AKT, p-ERK, ERK, p27, Cyclin D, and MMP9 were analyzed by Western blot. Experiments were repeated three times. *P < 0.05, **P < 
0.01.



Oncotarget14918www.impactjournals.com/oncotarget

O.acid rescued the expression of Cyclin D1 and MMP9 in 
SET-knockdown A549 cells, but increased the expression 
of p27. Similar results were also observed in H460 cells 
(Figure 3E). Taken together, these findings suggested 
that inhibition of PP2A is essential for SET-induced 
proliferation and invasion.

Antagonism of SET using FTY720 inhibits 
NSCLC cell growth in vitro and in vivo

Recently, several studies reported that FTY720 and 
its precursors selectively bind to SET and increase PP2A 
activity [33, 34]. Therefore, we first evaluated the efficacy 
of FTY720 against NSCLC cells. We found that the 
treatment of FTY720 markedly increased PP2A activity 
in A549 and H460 cells (Figure 4A). Importantly, FTY720 
treatment significantly inhibited NSCLC cell proliferation 
in a dose-dependent manner (Figure 4B). Reduction in 
viability of NSCLC cells after treatment with FTY720 

also correlated with reduction of colony formation and 
cell invasion (Figure 4C and 4D). Moreover, treatment 
of FTY720 decreased the phosphorylation of AKT and 
ERK1/2, as well as the expression of Cyclin D1 and 
MMP9, but increased the expression of p27 (Figure 4E).

We further examined the ability of FTY720 to 
suppress tumor growth in vivo. The therapeutic potential 
of FTY720 against A549-xenografts generated in the 
flanks of SCID mice was determined after intraperitoneal 
administration of DMSO, or FTY720 (3 mg/kg/day for 18 
days, n = 9). As shown in Figure 5A, FTY720 significantly 
inhibited the growth of tumor xenografts. Treatment 
with FTY720 resulted in a significant decrease in tumor 
volumes (263.8 ± 64.6) compared to control group (825.5 
± 81.2) (Figure 5B). The excised tumors from the control 
group weighed between 1.72 g and 2.25 g, whereas these 
from the FTY720-treated animals averaged ~ 0.68 g 
(Figure 5C). In addition, tumors derived from mice treated 
with FTY720 displayed higher PP2A activity (Figure S3) 
and the expression of p27 (Figure 5D), but lower levels of 

Figure 4: Antagonism of SET using FTY720 inhibits NSCLC cell growth in vitro. A. A549, H460, H1299, and H1975 cells 
were treated with FTY720 at different concentration for 48 h, cell viability was evaluated by MTS assay. B. Colony forming ability of 
A549, H460, H1299, and H1975 cells treated with FTY720 at indicated concentration. C. A549 and H460 cells were treated with FTY720 
at indicated concentration. PP2A activity was measured by PP2A immunoprecipitation phosphatase assay. D. A549 and H460 cells were 
treated with FTY720 at indicated concentration, levels of p-AKT, AKT, p-ERK, and ERK were analyzed by Western blot. 
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Figure 5: Antagonism of SET using FTY720 inhibits NSCLC cell growth in vivo. A549 cells were injected to the right 
shoulder of nude mice and palpable tumors were allowed to develop for 7 days. Mice were randomly divided into two groups and treated 
intraperitoneally with DMSO, or FTY720 (3 mg/ kg/day) for 18 days (n = 9). A. Tumor sizes were measured at every 3 days. At the end of 
treatment, tumor were excised B. and tumor weight were measured C.. Data are represented as means ±SD of each group.*P < 0.05, **P < 
0.01. D. The tumor tissue sections were subjected to IHC detection of p27, Cyclin D1, and MMP-9 (Scale bars: 50 μm).
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Cyclin D1, and MMP9 when compared with the control 
group (Figure 5D). Altogether, these results indicated that 
blocking SET/PP2A signaling by FTY720 could inhibit 
cell proliferation and invasive capability in NSCLC.

DISCUSSION

In this report, our data provided the first evidences 
that SET is overexpressed in NSCLC and contributes to 
adverse clinical outcomes. We found that high expression 
of SET was correlated with advanced tumor stages and 
regional lymph node metastasis. We also showed that SET 
is deregulated in NSCLC cell and plays an oncogenic role 
promoting cell proliferation, colonosphere formation, and 
invasiveness, and impairing PP2A antitumor activities. 
Furthermore, our in vitro and in vivo results demonstrated 
that the pharmacologic activation of PP2A by SET 
antagonist FTY720 reduced cell viability and tumor 
growth of NSCLC cells

SET has been reported to be up-regulated in CML 
cells, resulting in decreased PP2A activity [32]. Similarly, 
SET overexpression in patients with several solid tumor, 

including colorectal cancer [25], head and neck squamous 
cell carcinoma (HNSCC) [27], colorectal cancer , 
and breast cancer [28], shows promising therapeutic 
implications and determines poor clinical outcome. In 
the present study, our data firstly demonstrated that SET 
expression was up-regulated in human NSCLC tissues and 
cultured NSCLC cells compared to that of normal lung 
tissues and normal lung epithelial cells. Of important, 
multivariate analysis indicated that SET may represent an 
independent prognostic biomarker for NSCLC patients. 

Collected evidence supports the idea that SET is 
closely linked with tumor progression [35]. Notably, we 
found that high SET expression was strongly correlated 
with the clinical stages and lymph node metastasis in 
NSCLC, which suggested that SET is closely associated 
with NSCLC progression. It has been shown that SET 
knockdown was shown to negatively affect tumorigenesis 
in CML [32], and silence of SET with siRNAs in CRC 
cell lines induced a decrease in the cell growth and 
colonosphere formation ability in both number and size of 
the spheres formed [25]. Similarly, our results showed that 
SET knockdown significantly reduced cell proliferation 

Table 1: Correlation between the clinical pathologic features and expression of SET.

Characteristics Number of patients 
(n=163)

SET expression
P-valuea

Low (n=92) High (n=71)

Age

<50 101 56 43
0.436

>50 62 36 28

Gender

Male 114 66 48
0.179

Female 49 26 23

Clinical stage

I 52 37 15

<0.001bII 72 43 29

III+IV 39 12 27

Lymph node metastasis

N0 106 74 32
0.017c

N1-3 57 18 39

aX2 test.
bComparing clinical stages I versus II, III-IV.
cComparing Lymph node metastasis N0 versus N1-3.
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properties and colony formation in NSCLC cells, indicated 
that SET deregulation is an alteration that plays a potential 
oncogenic role of SET in NSCLC. Furthermore, we also 
found that downregulation of SET inhibited NSCLC cell 
invasion. The effect of SET on promoting the invasiveness 
of NSCLC cells was verified the IHC results on the 
significant correlations between SET expression and 
lymph node metastasis in NSCLC patients. 

PP2A is a key cellular serine-threonine phosphatase 
and is an essential tumor suppressor [7, 37]. It has been 
shown that deregulation of PP2A is a common event 
in lung cancer [38, 39]. Animal studies also showed 
that PR65α point mutations and deletions increase the 
incidence of lung cancer [40]. The SET oncoprotein is 
an important binding partner of PP2A with an inhibitory 
function [19]. Our finding that SET is frequently 
overexpressed in NSCLC cancers is novel and suggests 
that deregulation of SET as a possible contributing 
mechanism to inhibit PP2A, and overexpression of PP2A 
inhibitors may play an important role in the development 
of human NSCLC. Therefore, inhibition of SET could 
be a viable strategy to posttranslational target PP2A and 
inhibit tumor growth in NSCLC. Indeed, knockdown 
of SET significantly increased the PP2A activity, and 
decreased the level of PP2A targets pAKT and pERK, as 
well as decreased the expression of Cyclin D and MMP9. 
More important, inhibition of PP2A activity reversed these 
above effects. Hence, inhibition of PP2A is essential for 
SET-induced proliferation and invasion.

Previous work has demonstrated that the SET 
antagonist FTY720 activates PP2A, is cytotoxic to 
primary chronic lymphocytic leukemia cells, and 
decreases lymphoma xenograft tumor growth [41, 42]. 
Similar results from recently studies of treatment with 
another SET inhibitor OP449 showed activation of 
PP2A, as well as suppressed the tumor growth of cancer 
[43, 44]. To explore the therapeutic potential for PP2A 
activation through SET inhibition as an approach for 
NSCLC therapy, we treated NSCLC cells with FTY720 
and measured tumor growth and oncogenic potential in 
vitro and in vivo. Consistent with the demonstrated ability 
of FTY720 suppresses tumor growth; we observed that 
FTY720 treatment resulted in decreased proliferation 
and colony formation in vitro. Of importantly, FTY720 
significantly suppressed tumor growth in vivo. Therefore, 
our results provided preclinical rationale for clinical 
development of FTY720 for the treatment of NSCLC.

In summary, the results of this study showed that 
SET overexpression is a recurrent molecular event that 
plays an oncogenic role in NSCLC, and inhibition of 
SET may provide an important therapeutic strategy 
for the treatment of NSCLC by targeting PP2A, and 
facilitate down-regulation of several PP2A-regulated 
targets including AKT and ERK kinase, p27, cyclin D1, 
and MMP9. Based on the functional characteristics and 
cancer-specific expression, our results indicated that SET 

oncoprotein could serve as a potential prognosis marker 
and a novel therapeutic target for NSCLC patients.

MATERIALS AND METHODS

Reagents and antibodies

FTY720 was purchased from Novartis (Basel, 
Switzerland). okadaic acid was purchased from Sigma-
Aldrich (St Louis, MO, USA). MTS was from Promega 
(Madison, WI, USA). RPMI-1640 medium and fetal 
bovine serum were from GIBCO (Invitrogen, Carlsbad, 
CA, USA). Antibody against SET was purchased from 
proteintech (Chicago, IL, USA). Antibodies against Akt, 
phospho-Akt (Thr308), ERK2 and phospho-ERK (T202/
Y204), Cyclin D1, p27, MMP2, MMP9, p21, and Cyclin E 
were purchased from Cell Signaling Technology (Beverly, 
MA, USA). Antibody against β-actin was obtained from 
Santa Cruz Biotechnology (Santa Cruz, CA, USA). 

Cell lines

BEAS-2B, A549, H1299, H460, H1975, and H292 
cell lines were from American Type Culture Collection 
(Manassas, VA). HCC827 and 95D cell line were 
purchased from the Cell Bank of Chinese Academy of 
Sciences (Shanghai,. China). The cells were cultured in 
RPMI 1640 (Invitrogen, Carlsbad, CA) containing 10% 
fetal calf serum (Invitrogen), 100 IU/ml penicillin (Sigma, 
St. Louis, MO), and 100 μg/ml streptomycin (Sigma) in a 
humidified incubator of 5% CO2 at 37 °C.. 

Patients and specimens

This study was approved by the Ethics Committee 
of Guangzhou Medical University. Primary tumor 
specimens were obtained from 163 patients diagnosed 
with non-small cell lung cancer who underwent complete 
resection in the Affiliated Tumor Hospital of Guangzhou 
Medical University between 2002 and 2009. Follow-up 
information was obtained from review of the patients’ 
medical record. 

Immunohistochemistry

Surgically excised tumor specimens were fixed 
with 10% neutral formalin, embedded in paraffin, and 
4-μm-thick sections were prepared. Immunostaining was 
performed using the avidin-biotin-peroxidase complex 
method (UltrasensitiveTM, MaiXin, Fuzhou, China). The 
sections were deparaffinized in xylene, rehydrated with 
graded alcohol, and then boiled in 0.01 M citrate buffer 
(pH 6.0) for 2 min with an autoclave. Hydrogen peroxide 
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(0.3%) was applied to block endogenous peroxide activity, 
and the sections were incubated with normal goat serum to 
reduce nonspecific binding. Tissue sections were incubated 
with SET rabbit polyclonal antibody (1:250 dilutions). 
Staining for antibody was performed at room temperature 
for 2 h. Biotinylated goat antimouse serum IgG was used 
as a secondary antibody. After washing, the sections 
were incubated with streptavidin-biotin conjugated with 
horseradish peroxidase, and the peroxidase reaction was 
developed with 3,3′-diaminobenzidine tetrahydrochloride.

The intensity of SET staining was scored as 0 
(no signal), 1 (weak), 2 (moderate), and 3 (marked). 
Percentage scores were assigned as 1, 1-25%; 2, 26-50%; 
3, 51-75%; and 4, 76-100%. The scores of each tumor 
sample were multiplied to give a final score of 0-12, and 
the tumors were finally determined as negative (−), score 
0; lower expression (+), score ≤4; moderate expression 
(++), score 5-8; and high expression (+++), score ≥9. 
Tumor sample scored (+) to (+++) were considered 
positive (overexpression). An optimal cutoff value was 
identified: a staining index of five or greater was used to 
define tumors of high expression, and four or lower for 
low expression. The cutoff value for SET was chosen 
based on a measure of heterogeneity using the log-rank 
test statistical analysis with respect to overall survival. All 
patients were followed up yearly, with the last follow-up 
being conducted in September 2014. Of the 163 patients, 
none of patients were lost to follow-up and seventeen 
patients were alive at the final follow-up in September 
2014.

Western blot analysis

Cells were lysed in cell lysis buffer containing 
1% NP-40, 20 mM Tris-HCl (pH 7.6), 0.15 M NaCl, 3 
mM EDTA, 3 mM EGTA, 1 mM phenylmethylsulfonyl 
fluoride (PMSF), 20 mg/mL aprotinin, and 5 mg/mL 
leupeptin. Equal amounts of protein were separated by 
SDS-PAGE and transferred to PVDF membrane (Millipore 
Corporation, Billerica, MA, USA). After blocking, the 
blots were probed with the indicated primary antibodies. 
After washing and incubating with secondary antibodies, 
the blots were visualized by ECL reagent (Millipore).

RNA extraction and real-time RT-PCR

Total RNA isolated from cells was used E.Z.N.A.® 
HP Total RNA Kit (Omega Bio-tek, Doraville, GA, 
USA). The reverse transcription was performed with the 
PrimeScript® RT reagent Kit (TakaRa, Shiga, Japan). 
After mixing the resulting Complementary DNA template 
with SET, or GAPDH primers, respectively and TaKaRa 
SYBR® Premix Ex Taq™, Quantitative Real-Time PCR 
reaction was performed on a ABI 7500 Fast Real-Time 
PCR System (Applied Biosystems, Foster City, CA). 

Gene-specific primer pairs used in this study are: 
SET forward, 

5′-AAATATAACAAACTCCGCCAACC-3′, 
SET reverse, 

5′-CAGTGCCTCTTCATCTTCCTC-3′;
β-actin forward, 5′- 

GGCCAGGTCATCACCATTG-3′, 
β-actin reverse, 5′- 

GGATGTCCACGTCACACTTCA-3′. 
β-actin was used as the reference gene. The relative 

levels of gene expression were represented as ΔCt-Ct 
gene-Ct reference, and the fold change of gene expression 
was calculated by the 2−ΔΔCt Method. Experiments were 
repeated in triplicate.

Cell viability assay

Cell proliferation was measured in triplicate wells 
by MTS assay in 96-well plates using the CellTiter 96 
Aqueous One Solution Cell Proliferation Assay (Promega, 
Madison, WI, USA), following the manufacturer’s 
indications.

Colony formation assay 

The cells were transfected with control or SET 
siRNA for 48 h. Thereafter, 300 cells were planted into 
6-cm cell culture dishes. The medium was changed 
every four days. After two weeks of incubation under the 
conditions of 37°C and 5% CO2, colonies were fixed with 
acetic acid-methanol (1:4) and stained with crystal violet. 
Colonies containing more than 50 cells were counted.

BrdU cell proliferation assay

Cells were treated with 0.03 mg/ml BrdU for 6–12 
h, at 37 °C, fixed with 4% paraformaldehyde, washed in 
0.1 M PBS (phosphate-buffered saline, pH 7.4) with 1% 
Triton X-100, and incubated with 1 M Hcl (hydrochloric 
acid) and 2 M Hcl. A borate buffer (0.1 M) was added 
and cells were blocked with 0.1 M PBS in the presence 
of 1% Triton X-100, 1.0 M glycine, and 5% normal 
goat serum, and incubated in the sequence with anti-
BrdU and secondary anti-mouse HRP conjugated with 
diaminobenzidine (DAB).

Wound healing scratch assay

Cells were grown as monolayers in triplicates in 12-
well plates (2 × 105) until confluent. Cells were created an 
artificial scratch wound, and cell debris was removed by 
washing with PBS. Cell migration was photographed and 
the width of the wound was measured.
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Cell invasion assay

Cell invasion was evaluated by a Boyden chamber 
assay. The polycarbonate filters (8 μm pore size, Corning 
Costar Corning Incorporated, NY, USA) were pre-coated 
with Matrigel Matrix (BD Biosciences), and reconstituted 
at 37 °C for 30 min to gel. Cells (1 × 105) were suspended 
in 150 μl serum free RPMI 1640 and added into the upper 
chamber, while 600 μl of complete media was added to the 
lower chamber. After 24 h of incubation, the cells migrated 
through the matrigel and adhere onto the lower chamber 
was fixed in 4% paraformaldehyde for 20 min, stained 
with Mayer’s hematoxylin (Sigma–Aldrich) and counted 
under upright microscope (five fields per chamber).

PP2A activity assay

PP2A immunoprecipitation phosphatase assay kit 
(Upstate, Temecula, CA) was used to measure phosphate 
release as an index of phosphatase activity according to 
the manufacturer’s instructions. Briefly, 100 μg protein 
isolated from cells was incubated with 4 μg anti-PP2A 
monoclonal antibody (CST) overnight. 40 μl of protein A 
agarose beads were added and the mixture was incubated 
at 4 °C for 2 h. Subsequently, the beads were collected and 
washed three times with 700 μl of ice-cold TBS and one 
time with 500 μl Ser/Thr Assay Buffer. The beads were 
further incubated with 750 mM phosphopeptide in assay 
buffer for 10 min at 30 °C with constant agitation. 100 
μl of Malachite Green Phosphate Detection Solution was 
added and the absorbance at 650 nm was measured on a 
microplate reader.

Small interfering RNA treatment

SET siRNA-1 (sc-43856), SET siRNA-2 (sc-
156066) and Control siRNA (sc-37007) were purchased 
from Santa Cruz Biotechnology (Santa Cruz, CA, USA). 
Cells were transfected with 100 nM siRNA at 60% 
confluence in reduced-serum RPMI 1640. Lipofectamine 
2000 (Invitrogen, Carlsbad, CA) was used for transfection 
following the manufacturer’s protocols. Following 
transfection, the mRNA and protein levels were assessed 
48 h later.

Animal studies

All animal work was performed in accordance 
with protocols approved approved by the Animal 
Experimentation Ethics Committee of Guangzhou medical 
University. Immunodeficient mice, age matched and 4-6 
weeks old, were used in assays for tumor growth in a 
subcutaneous xenograft model. 1×106 A549 cells were 
transplanted into the right shoulder in mice. Mice were 

randomly divided into two groups (n = 9) and treated 
intraperitoneally with DMSO, FTY720 (3 mg/ kg/day) 
for 18 days. Tumor growth was analyzed by measuring 
tumor length (L) and width (W) and calculating volume 
(V) through the formula, V = LW2/2. 

Statistical analysis

Statistical analysis was undertaken with SPSS 
16.0 software. The χ2 test was used to examine 
possible correlations between SET expression and 
clinicopathologic factors. Unpaired two-tailed Student’s 
t-test was used to determine the statistical relevance 
between groups. Survival curves were plotted using 
the Kaplan-Meier method and compared with the log-
rank test. Receiver operating curve (ROC) was used to 
determine the optimal cutoff point based on progression 
end point for SET expression. P value of <0.05 was 
considered to indicate statistical significance.

ACKNOWLEDGMENTS

This work was supported by grant from the 
National Natural Science Foundation of China (Grant No. 
81472184, No. 81402497).

CONFLICTS OF INTEREST

The authors declare no conflict of interest.

REFERENCES

1. Siegel R, Naishadham D and Jemal A. Cancer statistics, 
2013. CA Cancer J Clin. 2013; 63:11-30.

2. Ke Z, He W, Lai Y, Guo X, Chen S, Li S, Wang Y and 
Wang L. Overexpression of Collagen Triple Helix Repeat 
Containing 1 (CTHRC1) is associated with tumour 
aggressiveness and poor prognosis in human non-small cell 
lung cancer. Oncotarget. 2014; 5:9410.

3. Shtivelman E, Hensing T, Simon GR, Dennis PA, Otterson 
GA, Bueno R and Salgia R. Molecular pathways and 
therapeutic targets in lung cancer. Oncotarget. 2014; 
5:1392-1433.

4. Abrantes JL, Tornatore TF, Pelizzaro-Rocha KJ, de Jesus 
MB, Cartaxo RT, Milani R and Ferreira-Halder CV. 
Crosstalk between kinases, phosphatases and miRNAs in 
cancer. Biochimie. 2014; 107PB:167-187.

5. Aceto N and Bentires-Alj M. Targeting protein-tyrosine 
phosphatases in breast cancer. Oncotarget. 2012; 3:514-515.

6. Zhang Q and Claret FX. Phosphatases: the new brakes for 
cancer development? Enzyme Res. 2012; 2012:659649.

7. Perrotti D and Neviani P. Protein phosphatase 2A: a target 
for anticancer therapy. Lancet Oncol. 2013; 14:e229-238.

8. Chen W, Possemato R, Campbell KT, Plattner CA, 



Oncotarget14924www.impactjournals.com/oncotarget

Pallas DC and Hahn WC. Identification of specific PP2A 
complexes involved in human cell transformation. Cancer 
Cell. 2004; 5:127-136.

9. Janssens V, Goris J and Van Hoof C. PP2A: the expected 
tumor suppressor. Curr Opin Genet Dev. 2005; 15:34-41.

10. Ruvolo PP, Qui Y, Coombes KR, Zhang N, Ruvolo VR, 
Borthakur G, Konopleva M, Andreeff M and Kornblau 
SM. Low expression of PP2A regulatory subunit B55α is 
associated with T308 phosphorylation of AKT and shorter 
complete remission duration in acute myeloid leukemia 
patients. Leukemia. 2011; 25:1711-1717.

11. Kuo YC, Huang KY, Yang CH, Yang YS, Lee WY and 
Chiang CW. Regulation of phosphorylation of Thr-308 
of Akt, cell proliferation, and survival by the B55alpha 
regulatory subunit targeting of the protein phosphatase 2A 
holoenzyme to Akt. J Biol Chem. 2008; 283:1882-1892.

12. Van Kanegan MJ, Adams DG, Wadzinski BE and Strack 
S. Distinct protein phosphatase 2A heterotrimers modulate 
growth factor signaling to extracellular signal-regulated 
kinases and Akt. J Biol Chem. 2005; 280:36029-36036.

13. Letourneux C, Rocher G and Porteu F. B56-containing 
PP2A dephosphorylate ERK and their activity is controlled 
by the early gene IEX-1 and ERK. Embo J. 2006; 25:727-
738.

14. Junttila MR, Puustinen P, Niemela M, Ahola R, Arnold H, 
Bottzauw T, Ala-aho R, Nielsen C, Ivaska J, Taya Y, Lu 
SL, Lin S, Chan EK, Wang XJ, Grenman R, Kast J, et al. 
CIP2A inhibits PP2A in human malignancies. Cell. 2007; 
130:51-62.

15. Arnold HK and Sears RC. A tumor suppressor role for 
PP2A-B56alpha through negative regulation of c-Myc 
and other key oncoproteins. Cancer Metastasis Rev. 2008; 
27(2):147-158.

16. Eichhorn PJ, Creyghton MP and Bernards R. Protein 
phosphatase 2A regulatory subunits and cancer. Biochim 
Biophys Acta. 2009; 1795:1-15.

17. Schonthal AH. Role of serine/threonine protein phosphatase 
2A in cancer. Cancer Lett. 2001; 170(1):1-13.

18. Lv P, Wang Y, Ma J, Wang Z, Li JL, Hong CS, Zhuang Z 
and Zeng YX. Inhibition of protein phosphatase 2A with 
a small molecule LB100 radiosensitizes nasopharyngeal 
carcinoma xenografts by inducing mitotic catastrophe and 
blocking DNA damage repair. Oncotarget. 2014; 5:7512-
7524.

19. Li M, Makkinje A and Damuni Z. The myeloid leukemia-
associated protein SET is a potent inhibitor of protein 
phosphatase 2A. Journal of Biological Chemistry. 1996; 
271:11059-11062.

20. Arnaud L, Chen S, Liu F, Li B, Khatoon S, Grundke-Iqbal I 
and Iqbal K. Mechanism of inhibition of PP2A activity and 
abnormal hyperphosphorylation of tau by I2(PP2A)/SET. 
FEBS Lett. 2011; 585:2653-2659.

21. Cervoni N, Detich N, Seo SB, Chakravarti D and Szyf M. 
The oncoprotein Set/TAF-1beta, an inhibitor of histone 

acetyltransferase, inhibits active demethylation of DNA, 
integrating DNA methylation and transcriptional silencing. 
J Biol Chem. 2002; 277:25026-25031.

22. Kandilci A, Mientjes E and Grosveld G. Effects of SET and 
SET-CAN on the differentiation of the human promonocytic 
cell line U937. Leukemia. 2004; 18:337-340.

23. Almeida LO, Garcia CB, Matos-Silva FA, Curti C and 
Leopoldino AM. Accumulated SET protein up-regulates 
and interacts with hnRNPK, increasing its binding to nucleic 
acids, the Bcl-xS repression, and cellular proliferation. 
Biochem Biophys Res Commun. 2014; 445:196-202.

24. Avet C, Garrel G, Denoyelle C, Laverriere JN, Counis R, 
Cohen-Tannoudji J and Simon V. SET protein interacts 
with intracellular domains of the gonadotropin-releasing 
hormone receptor and differentially regulates receptor 
signaling to cAMP and calcium in gonadotrope cells. J Biol 
Chem. 2013; 288:2641-2654.

25. Cristobal I, Rincon R, Manso R, Carames C, Zazo 
S, Madoz-Gurpide J, Rojo F and Garcia-Foncillas J. 
Deregulation of the PP2A Inhibitor SET Shows Promising 
Therapeutic Implications and Determines Poor Clinical 
Outcome in Patients with Metastatic Colorectal Cancer. 
Clin Cancer Res. 2015; 21:347-356.

26. Cristóbal I, Garcia-Orti L, Cirauqui C, Cortes-Lavaud 
X, García-Sánchez MA, Calasanz MJ and Odero MD. 
Overexpression of SET is a recurrent event associated with 
poor outcome and contributes to protein phosphatase 2A 
inhibition in acute myeloid leukemia. Haematologica. 2012; 
97:543-550.

27. Leopoldino AM, Squarize CH, Garcia CB, Almeida LO, 
Pestana CR, Sobral LM, Uyemura SA, Tajara EH, Silvio 
Gutkind J and Curti C. SET protein accumulates in HNSCC 
and contributes to cell survival: Antioxidant defense, Akt 
phosphorylation and AVOs acidification. Oral oncology. 
2012; 48:1106-1113.

28. Janghorban M, Farrell AS, Allen-Petersen BL, Pelz C, 
Daniel CJ, Oddo J, Langer EM, Christensen DJ and Sears 
RC. Targeting c-MYC by antagonizing PP2A inhibitors in 
breast cancer. Proc Natl Acad Sci U S A. 2014; 111:9157-
9162.

29. Liu H, Gu Y, Yin J, Zheng G, Wang C, Zhang Z, Deng M, 
Liu J, Jia X and He Z. SET-mediated NDRG1 inhibition 
is involved in acquisition of epithelial-to-mesenchymal 
transition phenotype and cisplatin resistance in human lung 
cancer cell. Cell Signal. 2014; 26:2710-2720.

30. Sobral LM, Sousa LO, Coletta RD, Cabral H, Greene LJ, 
Tajara EH, Gutkind JS, Curti C and Leopoldino AM. Stable 
SET knockdown in head and neck squamous cell carcinoma 
promotes cell invasion and the mesenchymal-like phenotype 
in vitro, as well as necrosis, cisplatin sensitivity and lymph 
node metastasis in xenograft tumor models. Mol Cancer. 
2014; 13:32.

31. Rincon R, Cristobal I, Zazo S, Arpi O, Menendez S, 
Manso R, Lluch A, Eroles P, Rovira A, Albanell J, Garcia-
Foncillas J, Madoz-Gurpide J and Rojo F. PP2A inhibition 



Oncotarget14925www.impactjournals.com/oncotarget

determines poor outcome and doxorubicin resistance in 
early breast cancer and its activation shows promising 
therapeutic effects. Oncotarget. 2015; 6:4299-4314.

32. Neviani P, Santhanam R, Trotta R, Notari M, Blaser BW, 
Liu S, Mao H, Chang JS, Galietta A and Uttam A. The 
tumor suppressor PP2A is functionally inactivated in blast 
crisis CML through the inhibitory activity of the BCR/
ABL-regulated SET protein. Cancer cell. 2005; 8:355-368.

33. Oaks JJ, Santhanam R, Walker CJ, Roof S, Harb JG, 
Ferenchak G, Eisfeld AK, Van Brocklyn JR, Briesewitz R, 
Saddoughi SA, Nagata K, Bittman R, Caligiuri MA, Abdel-
Wahab O, Levine R, Arlinghaus RB, et al. Antagonistic 
activities of the immunomodulator and PP2A-activating 
drug FTY720 (Fingolimod, Gilenya) in Jak2-driven 
hematologic malignancies. Blood. 2013; 122:1923-1934.

34. Saddoughi SA, Gencer S, Peterson YK, Ward KE, 
Mukhopadhyay A, Oaks J, Bielawski J, Szulc ZM, Thomas 
RJ, Selvam SP, Senkal CE, Garrett-Mayer E, De Palma 
RM, Fedarovich D, Liu A, Habib AA, et al. Sphingosine 
analogue drug FTY720 targets I2PP2A/SET and mediates 
lung tumour suppression via activation of PP2A-RIPK1-
dependent necroptosis. EMBO Mol Med. 2013; 5:105-121.

35. Switzer CH, Cheng RY, Vitek TM, Christensen DJ, Wink 
DA and Vitek MP. Targeting SET/I2PP2A oncoprotein 
functions as a multi-pathway strategy for cancer therapy. 
Oncogene. 2011; 30:2504-2513.

36. LaMontagne K, Littlewood-Evans A, Schnell C, O’Reilly 
T, Wyder L, Sanchez T, Probst B, Butler J, Wood A, Liau 
G, Billy E, Theuer A, Hla T and Wood J. Antagonism of 
sphingosine-1-phosphate receptors by FTY720 inhibits 
angiogenesis and tumor vascularization. Cancer Res. 2006; 
66:221-231.

37. Seshacharyulu P, Pandey P, Datta K and Batra SK. 
Phosphatase: PP2A structural importance, regulation and its 
aberrant expression in cancer. Cancer Lett. 2013; 335:9-18.

38. Wang SS, Esplin ED, Li JL, Huang L, Gazdar A, Minna J 
and Evans GA. Alterations of the PPP2R1B gene in human 
lung and colon cancer. Science. 1998; 282(5387):284-287.

39. Ruediger R, Pham HT and Walter G. Alterations in protein 
phosphatase 2A subunit interaction in human carcinomas 
of the lung and colon with mutations in the A beta subunit 
gene. Oncogene. 2001; 20:1892-1899.

40. Ruediger R, Ruiz J and Walter G. Human cancer-associated 
mutations in the Aalpha subunit of protein phosphatase 2A 
increase lung cancer incidence in Aalpha knock-in and 
knockout mice. Mol Cell Biol. 2011; 31:3832-3844.

41. Pippa R, Dominguez A, Christensen DJ, Moreno-Miralles 
I, Blanco-Prieto MJ, Vitek MP and Odero MD. Effect 
of FTY720 on the SET-PP2A complex in acute myeloid 
leukemia; SET binding drugs have antagonistic activity. 
Leukemia. 2014; 28:1915-1918.

42. Neviani P, Santhanam R, Oaks JJ, Eiring AM, Notari M, 
Blaser BW, Liu S, Trotta R, Muthusamy N, Gambacorti-
Passerini C, Druker BJ, Cortes J, Marcucci G, Chen CS, 

Verrills NM, Roy DC, et al. FTY720, a new alternative 
for treating blast crisis chronic myelogenous leukemia 
and Philadelphia chromosome-positive acute lymphocytic 
leukemia. J Clin Invest. 2007; 117:2408-2421.

43. Neviani P and Perrotti D. SETting OP449 into the PP2A-
Activating Drug Family. Clin Cancer Res. 2014; 20:2026-
2028.

44. Farrell AS, Allen-Petersen B, Daniel CJ, Wang X, Wang 
Z, Rodriguez S, Impey S, Oddo J, Vitek MP, Lopez C, 
Christensen DJ, Sheppard B and Sears RC. Targeting 
inhibitors of the tumor suppressor PP2A for the treatment 
of pancreatic cancer. Mol Cancer Res. 2014; 12:924-939.


