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Abstract. In our previous study, SET was identified as one 
of the differentially expressed proteins that was associated 
with tetra-arsenic tetra-sulfide (As4S4)-induced NB4-R1 
[retinoic acid-resistant acute promyelocytic leukemia (APL) 
cell line] apoptosis. However, the mechanism through which 
SET regulates pathways during this process remains unclear. 
The aim of this study was to construct lentivirus-mediated 
short hairpin RNA (shRNA) against SET and investigate the 
effect of SET on As4S4-induced retinoic acid-resistant APL 
cell apoptosis. In the present study, 4 different oligonucle-
otides targeting the human SET gene were synthesized and 
cloned into the eukaryotic expression plasmid pGCSIL-GFP. 
The recombinant vectors were introduced into NB4-R1 
cells. The silencing efficiency was measured by real-time 
quantitative PCR (RT-qPCR) and western blotting. Our 
results showed that the 4 recombinant RNA interference 
(RNAi) vectors were constructed successfully. Fluorescence 
microscopy demonstrated that infection efficiency ranged 
from 70 to 90%. Infection with the 4 different RNAi vectors 
significantly knocked down the expression of SET by 52.8, 
69.1, 48.9 and 90.3% at the mRNA level, and 92.5, 96.3, 91.7 
and 98.4% at the protein level, respectively. We attempt to 
clarify the mechanism of As4S4 treatment on retinoic acid-
resistant APL.

Introduction

Acute promyelocytic leukemia (APL), a particular subtype 
of acute myeloid leukemia (AML) with a distinct cytological 
morphology, is characterized by a chromosome reciprocal 

translocation t(15;17), which results in the fusion between the 
promyelocytic leukemia (PML) gene and the retinoic acid 
receptor (RARα) gene (1,2). During the 1980s, the introduc-
tion of all-trans retinoic acid (ATRA) created a precedent 
for tumor molecular target therapy, enabling the complete 
remission of >95% APL patients (3). However, due to the 
wide application of ATRA, drug-resistant cases are increas-
ingly identified (4). As a result, producing a more effective 
treatment for ATRA-resistant APL patients has become 
a challenge in the clinic. Since the early 1990s, arsenic 
compounds have regained attention due to the discovery of 
their clinical effects and unique mode of action on refractory 
or relapsed patients, as well as patients newly diagnosed with 
APL (1,5). Tetra-arsenic tetra-sulfide (As4S4) is a type of tradi-
tional Chinese medicine. In comparison with arsenic trioxide 
(As2O3), As4S4 has advantages including high remission rate, 
reduced side effects, ease of use (may be taken orally) and 
cost-effectiveness. At present, As4S4 has become one of the 
most important therapies for APL (especially for recrudescent 
and drug-resistant APL) (6).

In our previous study, we applied proteomics to screen 
>20 differently expressed proteins before and after treatment 
with As4S4 in the ATRA-resistant APL cell line-NB4-R1. 
Among these proteins, SET expression was observed to be 
markedly decreased following treatment with As4S4 for 48 h, 
and the number of apoptotic NB4-R1 cells increased signifi-
cantly (7). However, the function, mechanism and regulation 
pathways of SET in As4S4-induced apoptosis requires further 
investigation.

RNA interference (RNAi) is a posttranscriptional gene 
silencing mechanism which is mediated by double-stranded 
RNA (dsRNA) molecules. RNAi is a new, powerful and 
widely used tool for the analysis of gene function in mammals 
and plants (8,9). Lentiviral vector-based RNAi is able to 
combine efficient infection and integration of lentiviral DNA 
with suppression of specific homologous gene expression 
of host RNA. Therefore, lentiviral vector-based RNAi may 
provide a long-lasting knockdown influence (10). In the present 
study, we used powerful lentiviral-mediated RNAi eukaryotic 
vectors with specific short hairpin RNA (shRNA) to block the 
expression of SET, in order to lay the foundation for further 
investigation of its mechanism in As4S4-induced APL cell 
apoptosis, and provide new insight into the pharmacological 
actions of traditional medicines.
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Materials and methods

Cell culture. The NB4-R1 cell line was donated by Shanghai 
Jiao Tong University School of Medicine. The cells were 
cultured in RPMI-1640 (Gibco-BRL, Carlsbad, CA, USA) 
supplemented with 10% heat-inactivated fetal bovine serum 
at 37˚C in a humidified incubator containing 5% CO2. Cell 
viability was evaluated by the trypan blue dye exclusion assay 
and only cell suspensions that presented >95% viability were 
used. The study was approved by the ethics committee of Xi'an 
Jiaotong University, Xi'an, China.

Design and clone of RNAi lentiviral vectors. Four target 
shRNAs against human SET gene (Genbank accession 
NM_003011) for RNAi were designed using the internet 
application Ambion (Austin, TX, USA) (Table I). The 
sequence 5'-TTCTCCGAACGTGTCACGT-3' which had no 
significant homology to any known human genes was used 
as a negative control. Oligonucleotides were synthesized 
according to the sequences, heated at 95˚C for 5 min and then 
annealed at 37˚C for 1 h. Annealed sequences were ligated 
into the AgeI and EcoRI sites of pGCSIL-GFP (containing 
human U6 promoter) to generate pGCSIL-GFP-SET (1-4) 
vectors (Shanghai Genechem Co., Shanghai, China), which 
were transformed into E. coli. Positive recombinant clones 
were selected by PCR and DNA sequencing. The new recom-
binant lentiviral vectors co-expressed the shRNA transcript 
and green fluorescent protein (GFP).

Lentiviral vector infection. Cells were divided into 3 groups: 
CON (normal NB4-R1 cells), NC (infection with negative 
control RNAi vector), and KD (infection with pGCSIL-GFP-
SET). According to different shRNA sequences, the KD group 
was divided into 4 subgroups: KD1, KD2, KD3 and KD4.

The NB4-R1 cells were plated into 6-well plates at a density 
of 1x105 cells/ml. The following day, cells were infected with 
a mixture of 100 µl 2X polybrene and specific negative control 
lentiviral vectors, at the multiplicity of infection (MOI) 20, 
according to the preliminary results. The final volume of 
culture medium was 1 ml/well. After centrifugation for 
18 h, the supernatant was discarded and the precipitate was 
resuspended in the culture medium with 10% FBS. The cells 
were incubated, observed under fluorescence microscopy and 
harvested on the 4th and 7th day after infection. The knock-
down efficiency of SET was analyzed by real-time quantitative 
PCR (RT-qPCR) and western blotting.

RT-qPCR. After infection with lentiviruses for 4 days, 
the total RNA from each group of cells was extracted in 
TRIzol (Invitrogen, Carlsbad, CA, USA) and quantified by 
an ultraviolet spectrophotometer at a wavelength of 260 nm. 
The reverse transcription (RT) reaction was performed with 
a RevertAid First Strand cDNA Synthesis kit (Fermentas, 
Burlington, ON, Canada) according to manufacturer's instruc-
tions. The PCR conditions were as follows: initial denaturation 
at 94˚C for 5 min, the reaction was repeated for 45 cycles, each 
cycle consisted of denaturing at 94˚C for 30 sec, annealing at 
61˚C for 45 sec and synthesis at 72˚C for 45 sec. The primer 
sequences used to amplify SET and GAPDH are listed in 
Table II. The cutoff point (Ct) of each sample was plotted on 

the standard curve and the mRNA copy numbers were calcu-
ated. The GAPDH gene was used as an endogenous control. 
The relative SET mRNA levels were expressed as a ratio of 
SET to GAPDH.

Western blotting. After infection with lentiviruses for 7 days, 
the cells were lysed in RIPA buffer in the presence of proteinase 
inhibitor cocktail (Sigma, Santa Clara, CA, USA). The protein 
concentration was determined by BCA assay kit (Thermo, 
Waltham, MA, USA). Protein (30 µg) was separated by 
12% SDS-PAGE and transferred to a nitrocellulose membrane. 
The membranes were blocked in 5% skimmed milk for 2 h, 
incubated with primary antibodies against SET (goat mono-
clonal, 1:1,000; Abcam, Cambridge, MA, USA) and GAPDH 
(mouse monoclonal, 1:10,000; Santa Cruz Biotechnology, Inc., 
Santa Cruz, CA, USA) at room temperature for 2 h and 4˚C 
overnight. The membranes were washed with TBS containing 
0.1% Tween-20 (TBST) followed by an incubation of 1 h in goat 
anti-mouse and goat anti-goat secondary antibody conjugated 
with HRP. After final washing with TBST, the membranes 
were developed using chemiluminescence and exposed to 
X-ray films. The immunoblots were quantified with software 
Quantity One version 4.6.2. The expression of SET in each 
sample was internally normalized to GAPDH and levels were 
expressed relative to expression in control groups.

Statistical analysis. All the experiments were carried out in 
triplicate and quantitative data in this study were expressed 
as mean ± SD. Statistical differences between groups were 
compared using a one-way analysis of variance (ANOVA). 
P<0.05 was considered to indicate a statistically significant 
result.

Results

Construction and packaging of lentiviral vectors. Four target 
shRNAs against human SET gene for RNAi were constructed 
and ligated with lentiviral frame plasmids. Positive recom-
binant clones were selected and identified with PCR. The 
sizes of PCR amplified fragments of recombinant clones and 
unconnected shRNA empty vectors were 343 and 306 bp, 
respectively (Fig. 1A). Sequence analysis confirmed that the 
inserted SET shRNA sequences were correct (Fig. 1B). The 
recombinant lentiviral vectors were applied to infect NB4-R1 
cells and virus titers were determined with the hole by hole 
dilution method as 1x109 (KD1), 3x108 (KD2), 4x108 (KD3) 
and 6x108 (KD4) TU/ml, respectively.

Table I. shRNA sequence.

Marker Target sequence

KD-1 GAGTTCACAGAAGCGGTGGAA
KD-2 GCTGCCGTCCATCACAACTGA
KD-3 CCGTGGGTACAGAAACCAATT
KD-4 CGTGGTGAACTCTGCCTTATA

shRNA, small hairpin RNA.
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Infection efficiency of NB4-R1 cells with lentivirus. The 
assessment of infection rate was accomplished with the deter-
mination of positive expression rate of GFP by fluorescent 
microscopy 72 h after infection. As shown in Fig. 2, the cell 
growth state was good, and the proportion of fluorescent cells 
ranged from 70-90% in each group, with the exception of the 

normal control (CON). The cells were then harvested for the 
following experiments.

Silencing efficacy of SET at mRNA level. The silencing efficacy 
of SET shRNA lentivirus at the mRNA level in NB4-R1 cells 
was determined by RT-qPCR. As shown in Fig. 3A, infection 

Figure 1. (A) Identification of recombinant lentiviral vectors by PCR. Lane 
1: normal control; Lane 2: recombinant negative lentiviral vector (343 bp); 
Lane 3: marker ladder (from top to bottom 5000, 3000, 2000, 1500, 1000, 
750, 500, 250, 100 bp); Lanes 4-8: recombinant positive lentiviral vector with 
SET shRNA (343 bp). (B) Identification of recombinant lentiviral vectors by 
sequence analysis.

Table II. Forward (F) and reverse (R) primer sequences for real-time quantitative PCR.

Target gene Primer sequence Amplification length

SET-F 5'-AAATATAACAAACTCCGCCAACC-3' 138 bp
SET-R 5'-CAGTGCCTCTTCATCTTCCTC-3'
GAPDH-F 5'-CACCCTGTTGCTGTAGCCAAA-3' 121 bp
GAPDH-R 5'-CACCCTGTTGCTGTAGCCAAA-3'

  A

  B

Figure 2. Fluorescence images of NB4-R1 cells following lentiviral vector 
infection (magnification x100). (A and B) normal control (CON, without 
lentiviral vector); (C and D) negative control (NC, NB4-R1 + negative 
lentiviral vector); (E and F) KD1 (NB4-R1 + KD1 lentiviral vector with 
shRNA of SET); (G and H) KD2 (NB4-R1 + KD2 lentiviral vector with 
shRNA of SET); (I and J) KD3 (NB4-R1 + KD3 lentiviral vector with 
shRNA of SET); (K and L) KD4 (NB4-R1 + KD4 lentiviral vector with 
shRNA of SET). shRNA, small hairpin RNA.
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of NB4-R1 cells with SET shRNA resulted in a significant 
decrease in mRNA expression of SET. At the 4th day after 
infection, the amount of SET mRNA in KD1-KD4 subgroups 
was notably reduced by 52.8, 69.1, 48.9 and 90.3%, respec-
tively, compared with that of NC group. However, there was no 
difference between the NC and CON groups.

Silencing efficacy of SET at protein level. Western blot 
analysis of cell extracts was carried out to determine whether 
decreased mRNA expression was correlated with decreased 
translation of the gene product. As shown in Fig. 3B, a similar 
trend was observed in NB4-R1 cells. The protein expression 
levels of SET in KD1-KD4 subgroups were decreased by 92.5, 
96.3, 91.7 and 98.4%, respectively, compared to the NC group. 
However, there was no significant difference in the protein 
expression level between the NC and CON groups. RT-qPCR 
and western blotting demonstrated that lentiviral vectors were 
effective for SET silencing and KD4 was the most effective 
construct. Stable infection was performed with KD4 construct.

Discussion

Acute promyelocytic leukemia (APL) is one of the most 
common malignancies and has a high mortality rate. The 

comprehensive treatments have been constantly improved; 
for example, ATRA may enable the complete remission of 
>95% of APL patients (3). However, an increasing resistance 
trend restricted the long-term efficacy of ATRA (11). In 
recent years, arsenic compounds (mainly As2O3 and As4S4) 
have gradually regained attention due to their positive clinical 
effects and unique mode of action on APL (12). However, a 
disadvantage of As2O3 is that the daily intravenous infusion 
required to achieve the ideal therapeutic result causes dermal 
and gastrointestinal side effects (13). As4S4, another arsenic 
compound, as a type of traditional Chinese medicine (also 
named realgar or red orpiment), has been shown to be equally 
effective in the treatment of APL, with less toxicity and side 
effects, and As4S4 only requires oral administration (14-16). 
Based on above advantages, this orally administered agent 
would thus provide more benefits not only for quality of life 
but also for easy access to consolidation and maintenance 
therapy for leukemia.

In our previous study, SET was identified as one of 
the differentially expressed proteins that correlated with 
As4S4-induced NB4-R1 cell apoptosis. SET (also known as 
TAF-1β, I2PP2A or IGAAD), localized to the nucleus and 
cytoplasm, is a multifunctional protein. It is clear that SET is 
a potent inhibitor of protein phosphatase 2A (PP2A), a phos-
phatase with tumor suppressor activity (17). SET has also been 
described as an inhibitor of the tumor suppressor NM23-H1 
(a granzyme A DNase-activated factor) (18) and a negative 
regulator of histone acetylation (19).

PP2A is one of the major serine-threonine protein phospha-
tase in all eukaryotic cells (20). PP2A is involved in almost all 
cellular processes, including signal transduction (21), cell cycle 
progression (22) transcriptional and translational regulation, 
DNA replication and chromosome depolymerization (23,24). 
As a potential tumor suppressor, inhibition of PP2A activity 
appears to be a common event in different human neoplasia. 
For example, oncogenic viral proteins, such as the SV40 virus 
small-t antigen, inhibits PP2A activity by interacting with the 
subunits of PP2A (25). In addition, numerous genetic altera-
tions of the structure of PP2A subunit have been identified in 
several types of human cancer. Consequently, exploring the 
molecular targets inhibiting PP2A activity has an important 
prevention significance for tumor treatment.

SET is the major cellular inhibitor of PP2A, and is involved 
in the regulation of a variety of cellular processes and signal 
transduction pathways (26). Although overexpression of SET 
has been reported in tumor tissue in the uterus, stomach, colon 
and rectum, as well as chronic myelogenous leukemia (27,28), 
its role in the regulation of APL cells remains unclear. There is 
evidence that SET may be involved in NB4-R1 cell apoptosis 
induced by As4S4 in vivo. Therefore, in this study we designed 
4 shRNA sequences targeting against SET and constructed 
4 recombinant lentiviral vectors. After infection with NB4-R1 
cells, RT-qPCR and western blotting were used to identify 
silencing efficiency. Our results showed that the 4 RNAi 
vectors all had high efficiency of infection; among these, 
the knockdown efficiency of KD4 was the greatest, and was 
chosen to conduct the follow-up research. This study will lay 
the foundation for further study on the function and mechanism 
of SET. SET may be used in the future as a potential target of 
gene therapy for ATRA-resistant APL and other cancer.

Figure 3. Expression of SET mRNA and protein in NB4-R1 cells after 
infection with lentivirus. (A) The relative level of SET mRNA in NB4-R1 
cells after infection with lentivirus. CON, normal control without lentiviral 
vector; NC, negative control NB4-R1 + negative lentiviral vector; KD1, 
NB4-R1 + KD1 lentiviral vector with shRNA of SET; KD2, NB4-R1 + KD2 
lentiviral vector with shRNA of SET; KD3, NB4-R1 + KD3 lentiviral vector 
with shRNA of SET; KD4, NB4-R1 + KD4 lentiviral vector with shRNA 
of SET. **P<0.01; ***P<0.001. (B) The immunoblot of SET in NB4-R1 cells 
following infection with lentivirus.

  A

  B
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