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Abstract: Radioiodine therapy has proven to be a safe and effective approach in the treatment of differentiated 
thyroid cancer. Similar treatment strategies have been exploited in nonthyroidal malignancies by transfecting hNIS 
gene into tumor cells or xenografts. However, rapid radioiodine efflux is often observed after radioiodine uptake, lim-
iting the overall antitumor effects. In this study, we aimed at constructing multicistronic co-expression of hNIS and 
hTPO genes in tumor cells to enhance the radioiodine uptake and prolong the radioiodine retention. Driven by the 
cytomegalovirus promoter, hNIS and hTPO were simultaneously inserted into the expression cassette of adenoviral 
vector. An Ad5 viral vector (Ad-CMV-hTPO-T2A-hNIS) was assembled as a gene therapy vehicle by Gateway technol-
ogy and 2A method. The co-expression of hNIS and hTPO genes was confirmed by a double-label immunofluores-
cence assay. The radioiodine (125I) uptake and efflux effects induced by co-expression of hNIS and hTPO genes were 
determined in transfected and non-transfected PC-3 cells. Significantly higher uptake (6.58 ± 0.56 fold, at 1 h post-
incubation) and prolonged retention (5.47 ± 0.36 fold, at 1 h of cell efflux) of radioiodine (125I) were observed in hNIS 
and hTPO co-expressed PC-3 cells as compared to non-transfected PC-3 cells. We concluded that the new virus vec-
tor displayed favorable radioiodine uptake and retention properties in hNIS-hTPO transfected PC-3 cells. Our study 
will provide valuable information on improving the efficacy of hNIS-hTPO co-mediated radioiodine gene therapy.
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Introduction

Human sodium/iodide symporter (hNIS) is a 
transmembrane glycoprotein which transports 
two sodium cations for each iodide anion into 
the cell. hNIS is responsible for mediating 
iodide uptake and is consequently essential for 
thyroid hormone synthesis in thyroid cells [1, 2]. 
The enhancement of hNIS has been found in 
thyroid cancer cells, leading to an approach of 
radioiodine therapy with improved efficacy [3, 
4]. Human thyroperoxidase (hTPO) is an enzyme 
expressed mainly in the thyroid that catalyzes 
iodination of tyrosine residues of thyroglobulin 
and promotes iodide retention within thyroid 
cells [5]. Expression of both hNIS and hTPO 
induces rapid radioiodine accumulation and 
organification in thyroid cancer cells, resulting 

in improved DNA damage and tumor cell death 
[6].

In the past decade, hNIS transgene strategy 
has been exploited in nonthyroidal tumors such 
as lung cancer, liver cancer, colon cancer, and 
prostate cancer [7-10]. However, because of 
the deficiency of iodine organification, the 
iodide usually undergoes rapid efflux by an 
active process [1-4] from hNIS gene transfect-
ed cells, which reduces the antitumor efficacy 
[11]. Subsequently, an advanced strategy of 
hTPO/hNIS co-transfection was proposed to 
achieve increased radioiodine uptake and pro-
longed radioiodine retention [12].

In this study, we aimed at maximizing the advan-
tages of i) hNIS function for enhancement of 
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iodine uptake, and ii) organification function of 
hTPO for iodine retention by a means of con-
structing multicistronic co-expression of hNIS 
and hTPO genes in tumor cells. We constructed 
an Ad5 viral vector (Ad-CMV-hTPO-T2A-hNIS) as 
a gene therapy vehicle through simultaneously 
inserting hNIS and hTPO into the expression 
cassette of adenoviral vector. T2A (Thosea 
asigna virus 2A sequence) was introduced as a 
linker between hTPO and hNIS gene to allow 
automatic self-cleavage of polyprotein. We 
hypothesized that this multicistronic viral vec-
tor would enable more efficient radioiodine 
uptake and prolonged radioiodine retention in 
transfected cancer cells. We anticipated that 
the outcome of our research would provide a 
promising approach for the treatment of region-
ally advanced cancers.

Materials and methods

Construction of pAV.Ex1d-CMV>hNIS and pAV.
Ex1d-CMV>hTPO/T2A/hNIS by gateway tech-
nology 

The general strategies employed for construc-
tion and characterization of pAV.Ex1d-
CMV>hNIS and pAV. Ex1d-CMV>hTPO/T2A/
hNIS are summarized in Figures 1 and 2.

Isolation and characterization of hNIS and 
hTPO cDNA

The full-length hNIS cDNA was removed from 
the hNIS gene (kindly provided by Dr. Biao Li at 
the Shanghai Jiaotong Medical University) by 
restriction digestion. The sequence of obtained 
hNIS cDNA was confirmed by sequencing analy-
sis as compared to the hNIS gene in the 
GenBank (ID of hNIS: HH762189.1). In addi-
tion, the obtained hNIS cDNA was inserted into 
eukaryotic expression vector pcDNA followed 
by digestion using restriction enzyme EcoRI/
HindIII. The digested hNIS cDNA was then ana-
lyzed by AGE (agarose gel electrophoresis) to 
confirm its size.

The hTPO cDNA was cut out from the pDNR-LIB-
hTPO-M plasmid (Changsha Yingrun Biotech-
nology Co., China) mutated at the point of the 
208th base from G to C as compared to the 
hTPO gene in the GenBank (ID of hTPO: 
BC095448.1). Similar to the characterization 
of hNIS cDNA, the mutated hTPO cDNA was 
confirmed by sequencing analysis and AGE. 

PCR amplification of attB1/hNIS/attB2, attB1/
hTPO/attB2, and attB1/hTPO/T2A/hNIS/
attB2

PCR amplification of attB1/hNIS/attB2 (or 
attB1/hTPO/attB2): PCR was performed in 50 
µL of assay solution containing 0.5 µL of Primer 
STARTM HS DNA Polymerase (Takara Bio, Inc.), 
10 µL of 5 × Primer STARTM buffer (Mg2+ Plus), 4 
µL of dNTP mixture (10 μM), primary forward 
and reverse primers (primer-F: attB1-Kozak-
hNIS, sequence listed in Table 1; primer-R: 
attB2-hNIS, sequence listed in Table 1, 1 µL of 
each primer (10 µM)), and 1 µL of hNIS (or 
hTPO) genomic cDNA. The mixture was heated 
at 98°C for 3 min followed by additional 30 PCR 
cycles (98°C for 10 s, 60°C for 10 s, and 72°C 
for 2 min per circle). The amplified attB1/hNIS/
attB2 (attB1/hTPO/attB2) fragment was incu-
bated at 72°C for 5 min to form the final PCR 
products, which were then purified by QIAquick 
Gel Extraction Kit (QIAGEN) and stored at -20°C 
until use.

PCR amplification of attB1/hTPO/T2A/hNIS/
attB2: The basic PCR procedure was performed 
as described above, except for using different 
primers. The 5’T2A-3’hTPO and attB1-Kozak-
hTPO primers were used to generate attB1-
hTPO-T2A, while the 3’T2A-5’hNIS and attB2-
hNIS primers were applied to yield 
attB2-hNIS-T2A. The obtained attB1-hTPO-T2A 
and attB2-hNIS-T2A (as genomic DNAs) then 
reacted with attB2-hNIS and attB1-Kozak-hTOP 
(as primers) to form the attB1/hTPO/T2A/hNIS/
attB2 products. Afterwards, Fusion primer F 
and R were used to amplify the attB1/hTPO/
T2A/hNIS/attB2 to provide the final products, 
which were then purified by QIAquick Gel 
Extraction Kit (QIAGEN) and stored at -20°C 
until use.

Recombination of attB × attP – construction of 
pDown-hNIS, pDown-hTPO, and pDown-hTPO/
T2A/hNIS

Construction of pDown-hNIS (or pDown-hTPO): 
The previously amplified attB1/hNIS/attB2 (or 
attB1/hTPO/attB2) was inserted into the vector 
pDONR™/221 (Life Technologies, Inc.) by using 
the BP Clonase™ II Enzyme Mix (Life 
Technologies, Inc.). Briefly, in a 96-well plate, 
samples containing 200 ng of attB1/hNIS/
attB2 (or attB1/hTPO/attB2), 1 μL of BP 
Clonase™ II Enzyme Mix, 100 ng of pDONR™ 
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/221 plasmid, and 1–5 μL of TE buffer (pH 8.0) 
were incubated at 25°C for 3 h. Proteinase K (1 
μg, Life Technologies, Inc.) was then added into 
the samples and incubated at 37°C for 30 min. 
The pDown-hNIS (or pDown-hTPO) products 
from the BP reaction (recombination of attB × 

attP) were directly used for bacterial transfor- 
mation.

Construction of pDown-hTPO/T2A/hNIS: The 
procedure was performed similarly to the con-
struction of pDown-hNIS as described above, 

Figure 1. Schematic representation of the pAV.Ex1d-CMV>hNIS construction. The PCR products after hNIS amplifi-
cation were used for a BP reaction, followed by bacterial transformation and sequencing verification. After the selec-
tion of positive clones, the pAV.Ex1d-CMV>hNIS gene was generated and validated by functional analysis.

Table 1. Primers used in PCR amplification of attB1/hNIS/attB2, attB1/hTPO/attB2, and attB1/
hTPO/T2A/hNIS/attB2.
Primers Oligo sequence (from 5’ to 3’)

hN
IS attB1-Kozak-NIS GGGGACAAGTTTGTACAAAAAAGCAGGCTGCCACC ATGGAGGCCGTGGAGACC

attB2-hNIS GGGGACCACTTTGTACAAGAAAGCTGGGTTCAGAGGTTTGTCTCCTGCTG

hT
PO attB1-Kozak-hTPO GGGGACAAGTTTGTACAAAAAAGCAGGCTGCCACCAGAGGAATCCTTTCTCCAGCTCAGCTTCTGT

attB2-hTPO GGGGACCACTTTGTACAAGAAAGCTGGGTACAGAAGCTGAGCTGGAGAAAGGATTCCTCT

hT
PO

/T
2A

/h
N

IS attB1-Kozak-hTPO GGGGACAAGTTTGTACAAAAAAGCAGGCTGCCACCATGAGAGCGCTGGCTGTGC
5’T2A-3’hTPO GTCCCCGCATGTTAGAAGACTTCCCCTGCCCTCTCCGGAGCCGAGGGCTCTCGGCAGCC
3’T2A-5’hNIS GTCTTCTAACATGCGGGGAC GTGGAGGAAAATCCCGGCCCCATGGAGGCCGTGGAGACC
Fusion primerF GGGGACAAGTTTGTACAAAAAAGCAGGCTGCCACCATG
Fusion primerR GGGGACCACTTTGTACAAGAAAGCTGGGTTCAGAGGTTTGTC
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except for using attB1/hTPO/T2A/hNIS/attB2. 
The pDown-hTPO/T2A/hNIS products from the 
BP reaction (recombination of attB × attP) were 
directly used for bacterial transformation.

Bacterial transformation

An aliquot (2 μL) from pDown-hNIS (or pDown-
hTPO; or pDown-hTPO/T2A/hNIS) products was 
added into a vial containing One Shot® stb13TM 
Chemicallly Competent Cells E. coli (Life 
Technologies, Inc.) according to the manufac-
turer’s protocol. The samples were incubated in 
ice for 30 min. After heating at 42°C for 90 s, 
the samples were incubated in ice for 2 min fol-
lowing by adding of 300 μL of SOC medium (Life 
Technologies, Inc.). The samples were then 
incubated at 37°C for 1 h. After incubation, 
100 μL of hNIS (or hTPO; or hTPO/T2A/hNIS) 
was seeded in low salt Luria-Bertani (LB) solid 
medium (containing 50 μg/mL of kanamycin, 

Life Technologies, Inc.) and incubated overnight 
at 37°C to produce a single colony. The remain-
der of transformation reaction was added into 
150 μL of low-salt LB liquid medium (containing 
50 μg/mL of kanamycin, Life Technologies, 
Inc.). The bacterial was cultured at 37°C over-
night and then stored at -80°C until use.

Colony PCR of hNIS and hTPO bacterial clones

A single colony from transformation reaction 
was analyzed by PCR to verify the correct size 
of the inserted hNIS or hTPO. The hNIS (or hTPO) 
PCR was performed in a vial containing 30 μL 
of sample with 1.5 U Taq DNA Polymerase 
(Thermo Fisher Scientific, Inc.), pDONR™/ 
221-specific forward primer (pUpDo-flank-f; 
sequence is listed in Table 2) (10 μM) and 
reverse primer (pUpDo-flank-r; sequence is list-
ed in Table 2) (10 μM), dNTP mix (0.2 mM), 10× 
BioTherm™ reaction buffer (5 μM, 1.2 μL). A 

Figure 2. Schematic representation of the pAV.Ex1d-CMV>hTPO/T2A/hNIS construction. The PCR products after 
hNISs and hTPOs amplification were used in the first step for a BP reaction, followed by bacterial transformation 
and sequencing verification. After the selection of positive clones, the pAV.Ex1d-CMV>hTPO/T2A/hNIS gene was 
generated and validated by functional analysis.
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total of 29 PCR cycles (94°C for 30 s, 60°C for 
30 s, and 72°C for 2 min per cycle) was pre-
ceded by heating to 94°C for 3 min and fol-
lowed by 1-min incubation at 72°C. The sizes of 
PCR products were determined by AGE and 
ethidium bromide staining. Positive entry 
clones with pDown-hNIS (or pDown-hTPO) were 
selected and added into 150 μL of low-salt LB 
liquid medium (containing 50 μg/mL of kana-
mycin, Life Technologies, Inc.) and incubated 
overnight at 37°C. The entire culture was sub-
ject to plasmid isolation.

Identification by enzyme digestion for plasmid 
pDown-hTPO/T2A/hNIS

For enzyme digestion of pDown-hTPO/T2A/
hNIS, 1 μg of plasmid DNA (Life Technologies, 
Inc.) was added directly into a mixture contain-
ing 1 μL of EcoRV (10 U), 1 uL of XhoІ (10 U), 2 
μL of restriction buffer (10× buffer 3), 0.2 uL of 
BSA (10 mg/mL), and 13.8 uL of deionized 
water. The mixture was incubated at 37°C for 
60 min. After digestion, the sample was mixed 
with gel loading buffer and applied to a gel for 
electrophoretic analysis.

DNA sequencing of pDown-hNIS, pDown-hTPO, 
and pDown-hTPO/T2A/hNIS

Sequencing of plasmid DNA was performed 
using a standard dideoxy sequencing approach 
[13, 14]. A sample (10 μL) containing 5μL of 
plasmid, 0.32 μM primers (pUpDo-flank-f, W1F, 
pUpDo-flank-r, and W1R; sequences are shown 
in Table 2), 2 μL of BigDye® Terminator v3.1 
Ready Reaction Mix (Life Technologies, Inc.), 
and 1 μL 5× sequencing buffer was heated at 
95°C for 5 min followed by 25 cycles of exten-
sion reactions (95°C for 10 s, 50°C for 5 s, and 
60°C for 90 s per cycle). After precipitating with 

sodium acetate and absolute ethanol, the 
resulting DNA was sequenced with an ABI  
3730 xl Genetic Analyzer Capillary Array (Life 
Technologies, Inc.).

Recombination of attL×attR – construction of 
pAV.Ex1d-CMV>hNIS, pAV.Ex1d-CMV>hTPO, 
and pAV.Ex1d-CMV>hTPO/T2A/hNIS

Entry vectors were set up in an LR reaction to 
recombine the gene of interest into pAV.Des1d 
destination vectors. Samples containing 10 
fmol pDown-hNIS (or pDown-hTPO; or pDown-
hTPO/T2A/hNIS), 1 μL of LR Clonase™ II 
Enzyme Mix (Life Technologies, Inc.), pAV.Des1d 
destination vector (20 fmol), and 1–5 μL of TE 
buffer (pH 8.0) were incubated at 25°C for 16 
h. Proteinase K (1 ug, Life Technologies, Inc.) 
was then added into the samples and incubat-
ed at 37°C for 30 min. The pAV.Ex1d-CMV>hNIS 
(or pAV.Ex1d-CMV>hTPO; or pAV.Ex1d-
CMV>hTPO/T2A/hNIS) products from the LR 
reaction (recombination of attL × attR) were 
directly used for bacterial transformation.

Colony PCRs of pAV.Ex1d-CMV>hNIS (or pAV.
Ex1d-CMV>hTPO) were performed as described 
above by using vector-specific primers (F: 
GAACCCACTGCTTACTGGCTT; R: TCGAGACC-
GAGGAGAGGGT) to verify successful cloning. To 
confirm pAV.Ex1d-CMV>hTPO/T2A/hNIS, simi-
lar enzyme digestion procedure was performed 
as described above except for using restriction 
buffer (10× buffer 4), and NdeI and BstBI as 
enzymes.

Packaging, amplification, concentration, and 
titration of the recombinant adenoviral vector 
carrying hNIS, or hTPO, or hTPO-T2A-hNIS

The expression vector pAV.Ex1d-CMV>hNIS (or 
pAV.Ex1d-CMV>hTPO; or pAV.Ex1d-CMV>hTPO/

Table 2. Primers used in sequencing of pDown-hNIS, pDown-hTPO, and pDown-hTPO/T2A/hNIS.
pDown-hNIS pDown-hTPO/T2A/hNIS
pUpDo-flank-f CGGCCAGTCTTAAGCTCGGG pUpDo-flank-f CGGCCAGTCTTAAGCTCGGG
W1F GGTCGTGGTGATGCTAAGTG W1F TCTATGAGGACGGCTTCAGT
pUpDo-flank-r AATACGACTCACTATAGGGGA W2F ACGCCAGATCCAAGGTGC
W1R GGAACATTCCCAAGATGAAG W3F GCGCAGAGACACTGGAAGCC
pDown-hTPO W4F AGGCACATCCAGAGGAACTT
pUpDo-flank-f CGGCCAGTCTTAAGCTCGGG W5F CACCAGCAGAGGCATGTACT
W1F TCTATGAGGACGGCTTCAGT W6F GGATGGCCACTTCTTCCTTG
pUpDo-flank-r AATACGACTCACTATAGGGGA pUpDo-flank-r AATACGACTCACTATAGGGGA
W1R ATGAGAGCGCTGGCTGTGC
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T2A/hNIS) was digested by enzyme PacI to gen-
erate linear adenoviral plasmid by QIAquick Gel 
Extraction Kit (QIAGEN, Inc.). The human embry-
onic kidney HEK293cells were seeded into a 
6-well plate (2 × 105 cells/well) containing 
DMEM supplemented with 10% FBS, and cul-
tured at 37°C for 18–24 h in a CO2 incubator 
(5% CO2) until cells grew to 80%~90% conflu-
ency. The HEK293 cells were then transfected 
with the linear adenoviral plasmid (containing 
250 μL of Opti-MEM, 1 μg of plasmid DNA, and 
3 μL of lipofectine in each well) at 37°C for 24 
h. The HEK293 cells continued to be incubated 
with 10% FBS for 7 days until the formation of 
viral plaques, referred to cytopathic effects 
(CPE), was visible in most of the cells. Virus 
were collected by performing freezing (-80°C) 
and melting (37°C) of the cells for three rounds, 
followed by centrifuging (4°C) at 2000 g for 10 
min. The supernatant was then sub-packaged 
and frozen at -80°C. The virus was named as 
P0.

The process of repeated freezing and melting 
was adopted for amplification of adenovirus in 
HEK293 cells to obtain desired virus amount. 
HEK293 cells were cultured as described 
above. When cells grew to 80%~90% confluen-
cy, 100 uL of P0 virus was added into each cul-
ture flask and incubated with 5% CO2 at 37°C 
until the CPE was visible in most of the cells. 
The cells and supernatant were then collected 
after centrifuging at 200 g for 10 min. The 
deposit was resuspended. After three rounds 
of freezing (-80°C) and melting (37°C) followed 
by centrifuging at 2000g for 10 min, the super-
natant was sub-packaged and frozen at -80°C. 
The virus was named as P1. TCID50 (50% tissue 
culture infective dose) assay was carried out to 
titrate the adenovirus. The procedure was per-
formed similarly to described previously [15]. 
Finally, the titration value for the virus was cal-
culated according to the Kärber formula (T = 
10s+0.8 PFU/mL) [16].

Cell culture of human prostate cancer PC-3 
cells

Human prostate cancer PC-3 cells were grown 
at 37°C under an atmosphere of 5% CO2 in air 
as monolayer in 25 cm2 tissue culture flasks 
containing 5.0 mL of DMEM-F12 medium sup-
plemented with 10% fetal bovine serum (FBS), 
100 U/mL penicillin/streptomycin solution, and 
2 mM glutamine (Life Technologies, Inc.).

Adenovirus-mediated hNIS and hTPO gene 
transfer of PC-3 cells

PC-3 cells were seeded in a 24-well tissue cul-
ture plate at a concentration of 5 × 104 cells/
well. When cells confluence reached to 
60–80%, the cell monolayers were transfected 
with the Ad-CMV-hTPO, Ad-CMV-hNIS, and 
Ad-CMV-hTPO-2A-hNIS (Multiplicity of Infection 
(MOI) = 20). Medium was replaced by fresh cul-
ture medium after 16 h and virus-infected cells 
were maintained for additional 48 h until use. 
All adenoviral infections were carried out in 
triplicates.

Immunofluorescence staining of hNIS and 
hTPO co-expression in transfected PC-3 cells

PC-3 cells were seeded in a 24-well plate 24 h 
before the experiment to reach a density of 
1×105 cells/well on the day of infection. Cells 
were transfected with recombinant Ad5 virus 
described above (Ad-CMV-hTPO; or Ad-CMV-
hNIS; or Ad-CMV-hTPO-2A-hNIS). After 48 h, 
cells were washed twice with PBS, and fixed for 
20 min in 4% ice-cold paraformaldehyde. The 
cells were then washed twice with PBS and per-
meabilized with 0.2% Triton X-100 (in PBS) for 
10 min. After two additional wash with PBS, the 
fixed cells were blocked with 5% BSA in PBS for 
1 h at room temperature. The cells were then 
incubated with hNIS and hTPO antibody (mouse 
monoclonal anti-hNIS, 1:100, Lab Vision Co.; 
rabbit monoclonal anti-hTPO, 1:100, Abcam, 
Inc.), followed by PBS wash three times. The 
cells were incubated with anti-mouse and anti-
rabbit fluorescein-conjugated secondary anti-
body (with a dilution of 1:100 in PBS, Lab Vision 
Co.) at 37°C for 1 h. After washing with PBS 
three times, the cells were directly observed by 
a fluorescence microscope (Olympus CKX41, 
Japan). The non-transfected cells served as the 
control.

Radioiodine (125I) uptake and efflux

Radioiodine (125I) uptake was measured to 
assess the function of hNIS and hTPO co-
expressions in PC-3 cells according to the pro-
cedure described previously [17]. 125I was pur-
chased from Chengdu Gaotong Isotope Co., 
China. After 16 h gene transfection and addi-
tional 48 h maintenance, PC-3 cells were 
washed twice with 0.5 mL of HBSS buffer (sup-
plemented with 10 uM sodium iodide and buff-

http://dict.bioon.com/detail.asp?id=51e21185342
http://dict.bioon.com/search.asp?tab=0&q=Supernatant&l=all
http://dict.bioon.com/detail.asp?id=51e21185342
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ered with HEPES, pH 7.3). The cells were then 
incubated with 3.7 kBq of 125I per well for 0, 5, 
10, 20, 40, and 60 min, respectively, in the 
presence of 0.5 mL of HBSS buffer. After incu-
bation, the medium containing 125I was 
removed. The cells were then washed twice 
with ice-cold HBSS buffer and harvested with 
100% ice-cold dehydrated alcohol. Cell lysates 
were collected and measured in a gamma 
counter (Xi’an Zhida Inc., China). Cell uptake 
data was presented as counts of radioactivity. 
Experiments were performed twice with tripli-
cate wells.

The effect of 125I retention was evaluated by the 
125I efflux kinetics in PC-3 cells co-expressed 
with hNIS and hTPO. Briefly, PC-3 cells trans-
fected with Ad-CMV-hTPO, Ad-CMV-hNIS, 
Ad-CMV-hTPO-2A-hNIS, and control virus were 
washed twice with HBSS, then incubated with 
3.7 kBq of 125I per well at 37°C for 60 min. After 
washing twice with ice-cold HBSS, cells were 
incubated in fresh HBSS buffer for additional 5, 
15, 30, and 60 min. After incubation, the buffer 
was removed immediately and cells were har-
vested with 1 mL of dehydrated alcohol. Cell 
lysates were collected and measured in a 
gamma counter (Xi’an Zhida Inc., China). Cell 
uptake data was presented as counts of radio-
activity. Experiments were performed twice 
with triplicate wells.

Statistical analysis

All experiments were carried out in triplicates 
unless otherwise indicated. Quantitative data 
were expressed as mean ± SD. Means were 
compared using one-way ANOVA and student’s 

t-test. P values of <0.05 were considered statis-
tically significant.

Results

Construction of pAV.Ex1d-CMV>hNIS and pAV.
Ex1d-CMV>hTPO/T2A/hNIS by gateway tech-
nology

The hNIS and hTPO cDNA genes were success-
fully obtained as determined by 1) AGE after 
restriction enzyme digestion, and 2) DNA 
sequencing map (Figure 3). AGE of hNIS after 
PCR amplification showed a single band around 
2 K base pairs (bp) (Figure 3A), which is close to 
the desired size of hNIS (1,932 bp). Further 
DNA sequencing of hNIS by DNAssit 2.0 soft-
ware (Changsha Yingrun Biotechnology Co., 
China) alignment demonstrated that the full 
length hNIS gene completely matches the DNA 
sequence of hNIS in the GenBank (ID of hNIS: 
HH762189.1). The results of AGE and the 
sequencing map suggested that we success-
fully obtained the hNIS cDNA gene. In addition, 
AGE of the hTPO PCR products after EcoRI 
enzyme digestion showed a single band at the 
position of 7.2 K bp (Figure 3B), locating at the 
exact size (7.2 K bp) of pDNR-LIB-hTPO-M. DNA 
sequencing of hTPO PCR products by DNAssit 
2.0 software alignment revealed that the full 
length hTPO gene matched the sequence of 
hTPO in the GenBank (ID of hTPO: BC095448.1). 
Combining the results of AGE and DNA sequenc-
ing map, we ensured that the construction of 
hTPO cDNA gene was accomplished as well.

After obtaining the hNIS and hTPO cDNA genes, 
we constructed the attB1/hNIS/attB2 and 
attB1/hTPO/T2A/hNIS/attB2 genes using 
Gateway technology. The primers employed in 
the PCR amplification of the attB1/hNIS/attB2 
and attB1/hTPO/T2A/hNIS/attB2 genes were 
summarized in Table 1. In addition to hNIS 
sequence, each PCR primer was designed to 
generate a Gateway-compatible attB1 (forward 
primer) or attB2 (reverse primer) recombination 
site flanking the amplified hNIS or hTPO as 
described previously [18, 19]. Kozak 
(5’-ACCATG-3’) consensus sequences were 
incorporated into the forward primers to enable 
that the ATG in the Kozak sequence is in frame 
with the attB1 site, which allowed terminal 
fusion proteins to be produced from destina-
tion vectors that contain N-terminal tags. For 
fusion of attB1-hTPO-T2A and attB2-hNIS-T2A, 

Figure 3. Characterization of hNIS and hTPO cDNA 
genes. A. Agarose gel electrophoresis of hNIS PCR 
products demonstrated a single band close to 2 K 
bp. B. Agarose gel electrophoresis of hTPO PCR prod-
ucts demonstrated a single band close to 7.2 K bp.
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additional complementary primers between 
hTPO-T2A and T2A-hNIS were designed to gen-
erate a full length of attB1/hTPO/T2A/hNIS/
attB2. The fusion primer F and fusion primer R 
(Table 1) were introduced to amplify attB1/
hTPO/T2A/hNIS/attB2. AGE of the PCR prod-
ucts was performed to verify the fused attB1/
hNIS/attB2 and attB1/hTPO/T2A/hNIS/attB2 
(Figure 4). A single band at the position of 2 K 
bp in Lane 1 (Figure 4A) was clearly identified 
for attB1-hNIS-attB2, which matched the 
desired size of 1.9–2 K bp. In addition, as 
shown in Figure 4B, a single band in Lane 1 
was determined at the position of 2.8 K bp, 
which agreed with the desired size of attB1-
TPO/T2A (2.6–2.8 K bp); while a single band 
with 2 K bp was shown in Lane 2, which was 
consistent with the desired size of attB2-hNIS/
T2A (2 K bp). Finally, the AGE of attB1-hTPO/
T2A/hNIS PCR products was depicted in Lane 
1 (Figure 4C). A positive 4.8 K-band was clearly 
visible, which should be contributed from attB1-
hTPO/T2A/hNIS (desired size of 4.6–4.8 K bp). 
Taken together, the AGE confirmed that 1) attB1 
and attB2 were flanked to hNIS and hTPO gene, 
and 2) attB1/hNIS/attB2 and attB1/hTPO/
T2A/hNIS/attB2 were successfully generated 
by Gateway technology.

In the next step, the amplified attB1/hNIS/
attB2 and attB1/hTPO-T2A-hNIS/attB2 were 
inserted into the vector pDONR™/221 by using 
the BP Clonase™ II Enzyme Mix. Products from 
the BP reaction were directly transformed into 
One Shot stb13 Chemically Competent Cells E. 

coli bacteria. The AGE after restriction enzyme 
digestion and DNA sequencing map were uti-
lized to characterize the pDown-hNIS and 
pDown-hTPO/T2A/hNIS genes. AGE of pDown-
hNIS was shown in Figure 5A. The clear 
2.2K-bands in Lane 3–6, and 9 agreed with the 
desired size of pDown-hNIS (2.1–2.3 K bp). The 
positive clones shown in Lane 3, 5, and 9 
(Figure 5A) were selected for DNA sequencing. 
As shown in Figure 5B, the DNA sequence of 
pDown-hNIS perfectly matched the hNIS DNA 
sequence in the Genbank (ID of hNIS: 
HH762189.1) and the sequence of vector 
pDONR™/221, suggesting pDown-hNIS was 
successfully constructed. In addition, AGE of 
pDown-hTPO/T2A/hNIS after EcoRV and XhoI 
enzyme digestions was performed to verify the 
correct clone (bands at the positions of ~ 2.6 K 
and ~ 4.6 K bp). As shown in Lane 1 (Figure 
5C), positive bands with 2.6 K and 4.7 K bp 
were obtained. DNA sequence analysis of this 
clone further confirmed the DNA sequence of 
pDown-hTPO/T2A/hNIS exactly matched the 
sequences of hNIS (ID of hNIS: HH762189.1) 
and hTPO in the GenBank (ID of hTPO: 
BC095448.1) (Figure 5D).

To build up pAV.Ex1d-CMV>hNIS, pAV.Ex1d-
CMV>hTPO, and pAV.Ex1d-CMV>hTPO/T2A/
hNIS, the obtained pDown-hNIS (or pDown-
hTPO; or pDown-hTPO/T2A/hNIS) was inserted 
into pAV.Des1d destination vectors by an LR 
reaction. AGE of pAV.Ex1d-CMV>hNIS colony 
PCR products demonstrated positive destina-
tion segment with the size of 2.1 K bp (expect-
ed >2 K bp) in all clones as depicted in Lane 
1–7 (Figure 6A). The clone shown in Lane 2 
(Figure 6A) was selected for DNA sequence 
analysis. The result revealed that the DNA 
sequence of pAV.Ex1d-CMV>hNIS is completely 
consistent with the hNIS sequence in the 
Genbank (ID of hNIS: HH762189.1) and 
sequence of vector pAV.Ex1d-CMV (Figure 6B). 
In addition, both of AGE and sequence analysis 
were carried out to verify the accomplishment 
of pAV.Ex1d-CMV>hTPO construction (data not 
shown). Furthermore, AGE of bacteria colon 
products after NdeI and BstBI enzyme diges-
tion showed positive 4.7 K-bands in Lane 2, 4, 
6, 8, and 10 (Figure 6C), which matched the 
desired size of 4.7 K bp. The AGE results of 
plasmid (positive control) were shown in Lane 
1, 3, 5, 7, and 9 (Figure 6C). The clone shown in 
Lane 4 (Figure 6C) was selected for DNA 

Figure 4. Characterization of attB1/hNIS/attB2 and 
attB1/hTPO/T2A/hNIS/attB2 by agarose gel electro-
phoresis. A. A single 2.0 K-band (Lane 1) confirmed 
the size of attB1/hNIS/attB2. B. Positive bands 
around 2.8 K bp (Lane 1) and 2.0 K bp (Lane 2) con-
firmed the sizes of attB1-hTPO/T2A and attB2-hNIS/
T2A, respectively. C. A single 4.8 K-band (Lane 1) 
confirmed the size of attB1-hTPO/T2A/hNIS.
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sequence analysis. The result demonstrated 
that the DNA sequence of pAV.Ex1d-CMV>hTPO/
T2A/hNIS agreed with the hTPO sequence in 
the GenBank (ID of hTPO: BC095448.1) and 
sequence of vector pAV.Ex1d-CMV (Figure 6D).

After HEK293 cells were transfected with virus 
containing hNIS or hTPO-T2A-hNIS genes for 7 
days, CPE phenomenon was observed in both 
cases (Figure 7A-C), but not in non-transfected 
cells (Figure 7D), suggesting the viral transfec-
tion in cells with the desired gene was achieved. 
After amplification of HEK293 cells, the amount 
of virus was titrated using TCID50 assay. The 
titer was determined to be 1 × 1010 PFU/mL for 

pAV.Ex1d-CMV>hNIS, and 7.94 × 109 PFU/mL 
for pAV.Ex1d-CMV>hTPO/T2A/hNIS, respective- 
ly.

Double-label immunofluorescence staining of 
hNIS and hTPO expression in PC-3 cells

Expression of the hNIS and/or hTPO protein in 
PC-3 cells transfected with pAV.Ex1d-
CMV>hTPO/T2A/hNIS or pAV.Ex1d-CMV>hNIS 
was determined by double-label immunofluo-
rescence staining. As shown in Figure 8A and 
8B, the hNIS and hTPO proteins were co-local-
ized on the cell membrane of pAV.Ex1d-
CMV>hTPO/T2A/hNIS transfected PC-3 cells, 

Figure 5. Characterization of pDown-hNIS and pDown-hTPO/T2A/hNIS. A. Agarose gel electrophoresis of pDown-
hNIS PCR colony. A desired band with 2.2 K bp was shown in Lane 1–9. B. DNA sequence alignment of pDown-hNIS 
was found to be consistent with the hNIS sequence in the GenBank. C. Characterization of pDown-hTPO/T2A/hNIS 
after EcoRV and XhoI enzyme digestion. Positive bands with 2.6 K and 4.7 K bp were obtained which agreed with 
the desired bands at the positions of ~ 2.6 K and ~ 4.6 K bp. D. DNA sequence alignment of pDown-hTPO/T2A/hNIS 
was found to be consistent with the hTPO sequence in the GenBank.
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only, and 3) hTPO gene only. The non-transfect-
ed PC-3 cells served as a control group. For cell 
uptake study, significant enhancement of radio-
iodine (125I) uptake was observed at all time 
points (5, 10, 20, 40, 60 min post-incubation of 
125I) examined in hNIS-hTPO transfected, and 
hNIS transfected PC-3 cells as compared to the 
non-transfected PC-3 cells; whereas for the 
hTPO-transfected PC-3 cells, no significant 
enhancement of radioiodine (125I) uptake was 
observed (Figure 9A). Radioiodine (125I) uptake 
in hNIS-hTPO transfected, and hNIS transfect-
ed PC-3 cells rapidly reached the maximum 
after a short incubation period (5 min) with the 
uptake ratios of 2.91 ± 0.16 (hNIS-hTPO trans-

suggesting that the positive stainings were 
attributed to the co-expression of hNIS (green 
color) and hTPO (red color) protein. Without sur-
prising, the positive staining of hNIS (green 
color) protein was only observed in the pAV.
Ex1d-CMV>hNIS transfected PC-3 cells (Figure 
8C). There were no positive stainings of hNIS 
and/or hTPO protein obtained in the non-trans-
fected PC-3 cells (Figure 8D and 8E). 

Radioiodine (125I) uptake and retention

Cellular uptake and retention of radioiodine 
(125I) were examined in PC-3 cells transfected 
with 1) hNIS and hTPO genes, 2) hNIS gene 

Figure 6. Characterization of pAV.Ex1d-CMV>hNIS and pAV.Ex1d-CMV>hTPO/T2A/hNIS. A. Agarose gel electropho-
resis of pAV.Ex1d-CMV>hNIS PCR colony. A desired band with 2.2 K bp was shown in Lane 1–7. B. DNA sequence 
alignment of pDown-hNIS was found to be consistent with the hNIS sequence in the GenBank. C. Characterization 
of pAV.Ex1d-CMV>hNIS after NdeI and BstBI enzyme digestion. A 4.7 K-band was observed which agreed with the 
desired size of 4.7 K bp. D. DNA sequence alignment of pAV.Ex1d-CMV>hTPO/T2A/hNIS was found to be consistent 
with the hTPO sequence in the GenBank.
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fected group), and 3.81 ± 0.15 (hNIS transfect-
ed group), as compared to non-transfected 
group. During the first hour of incubation, radio-
iodine (125I) uptake in hNIS-hTPO transfected 
PC-3 cells (Figure 9A, solid line) retained 
steadily as a function of incubation time, where-
as remarkably decreased uptake was observed 
for the hNIS transfected group (Figure 9A, 
dashed line). After 1 h incubation, as compared 
to non-transfected group, the uptake ratios of 
6.58 ± 0.56 and 3.81 ± 0.15 were determined 
for the hNIS-hTPO transfected group, and the 
hNIS transfected group, respectively. In addi-
tion, excellent cell retention of radioiodine (125I) 
was detected in the hNIS-hTPO transfected 
group, whereas rapid release of 125I was 
observed in the hNIS transfected group (Figure 
9B). After 1 h cell efflux study, significant radio-
iodine (125I) remained in the hNIS-hTPO trans-
fected group with a high 125I retention ratio of 
5.47 ± 0.36 as compared to the non-transfect-

ed group. For the PC-3 cells transfected with 
hNIS only or hTPO only, radioiodine (125I) almost 
completely eluted out from the cells after 1 h 
cell efflux study.

Discussion

Since the hNIS gene was first cloned [20], hNIS 
gene transfer for nonthyroidal tumor imaging 
and therapy has been studied in various can-
cers, including lung cancer, liver cancer, colon 
cancer, prostate cancer, and many others [11, 
21-28]. In most of these studies, single hNIS 
gene was usually transferred with a viral or non-
viral vector, and different iodine uptake index 
was determined as compared to non-trans-
ferred group. Although the improved iodine 
uptake was observed in hNIS-transfected 
group, significant therapeutic effect was hardly 
to achieve in general, presumably due to the 
rapid efflux of radioiodine in the tumor, causing 

Figure 7. Packaging of integrated Ad5 virus. CPE phenomena were observed in the transfected HEK293 cells (A. 
pAV.Ex1d-CMV>hNIS; B and C. pAV.Ex1d-CMV>hTPO/T2A/hNIS); but not observed in the non-transfected HEK293 
cells (D). 1 × 104 HEK293 cells/well; magnification 10× in A and B; magnification 20× in C and D.
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Figure 8. Results of double-label im-
munofluorescence staining (magni-
fication 20×). Stainings of hTPO (A. 
red color) and hNIS (B. green color) 
protein were displayed in pAV.Ex1d-
CMV>hTPO/T2A/hNIS transfected 
PC-3 cells. Staining of hNIS protein 
(C. green color) was displayed in pAV.
Ex1d-CMV>hNIS transfected PC-3 
cells. No staining (D. red color field; 
E. green color field) was observed in 
the non-transfected PC-3 cells.

any expression system (http://www.invitrogen.
com/) [15]. Up to date, highly efficient site-spe-
cific recombination-based systems are com-
mercially available, including the Gateway clon-
ing system, which can be used as a general tool 
of constructing large open reading frame (ORF) 
clone collections. In addition, the 2A peptide 
[29-33], or 2A-like sequence, was selected in 
our study to construct hNIS and hTPO genes in 
a multicistronic vector. The 2A peptide impairs 
normal peptide bond formation between the 2A 
glycine and the 2B proline without affecting the 
translation of 2B [29]. The utility of the 2A pep-
tide allows the stoichiometric production of up 
to four proteins from a single vector through a 
ribosomal skip mechanism [33]. By using 
Gateway technology and 2A method, we 
attempted to recombine full-length hNIS and 
hTPO genes into a single Ad5 viral vector. 
However, the hNIS gene contains 1,932 bp 
while the hTPO gene includes 2,802 bp; both 
are considered as the genes with large size. 
Recombination of two large genes into one viral 
vector could be problematic in terms of gene 
combination techniques. Actually, in our first 
attempt at performing PCR amplification of 
attB1/hTPO/T2A/hNIS/attB2, the yield of prod-
uct was relatively low as compared to that in 
the usual case using the Gateway approach. 
One pair of primers (Fusion primer F and R) was 

minimal retention of radiation dosimetry not 
enough to affect tumor cell viability [12, 17]. In 
order to improve the radioiodine retention in 
non-thyroid tumors, a co-transfection strategy 
using two plasmid vectors containing either 
hTPO or hNIS gene was introduced to enhance 
therapeutic efficiency of radioiodine [12]. 
However, the experimental data demonstrated 
that the radioiodine retention was not dramati-
cally enhanced. One possible explanation is 
that the expression of hTPO and hNIS may be 
limited due to the low transfection efficacies of 
multiple plasmid vectors. Co-transfection of 
the hNIS and hTPO genes by different plasmid 
vectors may not be an ideal approach, which 
remains a big challenge to warrant that multi-
ple plasmid vectors can be effectively trans-
fected into the cells afterwards with good ratios 
and amounts. Consequently, construction of 
hNIS and hTPO in a multicistronic vector is of 
great interest as an advanced approach to pro-
long the radioiodine retention after co-trans-
fection of hNIS and hTPO genes into the tumor 
cells.

To ascertain the construction of hNIS and hTPO 
genes in a multicistronic vector, we chose the 
recombination cloning technology, which cir-
cumvents traditional restriction enzyme based 
cloning limitations, enabling virtual access to 

http://www.invitrogen.com/
http://www.invitrogen.com/
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thus incorporated to improve the product yield. 
As detailed in the section 3.1, hNIS and hTPO 
genes were successfully constructed in a multi-
cistronic vector confirmed by systematical char-
acterizations. The obtained vector was then 
transfected into HEK293 cells. The titration of 
the recombinant adenoviral vector carrying 
hTPO-T2A-hNIS was determined to be 7.94 × 
109 PFU/mL by using the TCID50 assay, sug-
gesting the vector transfection was quite 
efficient.

To further prove our concept, PC-3 prostate 
cancer cell line was selected for the immuno-
fluorescence staining, and radioiodine uptake 
and efflux studies. Prostate cancer is the most 
common cancer and the second leading cause 
of cancer-related deaths in men in the US [34, 
35]. The traditional therapeutic options for 
patients with prostate cancer include radical 
prostatectomy, treatment with cytotoxic che-
motherapeutic agents, radiotherapy and hor-
mone therapy. Although prognosis of prostate 
cancer is generally excellent, androgen-inde-

pendent prostate cancer is associated with 
poor prognosis and new treatment modalities 
are therefore urgently needed [36, 37]. In 
recent years, numerous researches [38-41] 
about genetic therapies in prostate cancer 
have provided promising approaches for the 
treatment of this neoplasm including single 
hNIS transgene. In addition, prostate cancer is 
usually close to body surface and relatively eas-
ier for injection of gene therapy vehicles, such 
as adenoviral vector, making the translation of 
in vitro findings to in vivo studies less challeng-
ing. As a result, PC-3 cell line derived from 
advanced androgen-independent bone metas-
tasized prostate cancer was chosen as our 
study subject. As shown in Figure 8A and 8B, 
the immunofluoresence staining demonstrated 
that the hNIS and hTPO proteins were co-local-
ized on the cell membrane of PC-3 cells after 
pAV.Ex1d-CMV>hTPO/T2A/hNIS transfection, 
suggesting that hNIS and hTPO proteins were 
truly co-expressed in the transfected PC-3 cells 
as we expected. For the cell uptake study, the 
overall higher uptake of radioiodine (125I) was 
observed in the hNIS-hTPO transfected group 
as compared to the hNIS-, or hTPO-transfected 
group, and non-transfected group. However, at 
the early time points (<15 min), uptake values 
in the hNIS-hTPO transfected group were slight-
ly lower than those in the hNIS-transfected 
group. One possible explanation is that the 
hNIS protein expression in the hNIS-transfect-
ed group may be slightly higher than that in the 
hNIS-hTPO transfected group, considering the 
large size effect of recombination of both hNIS 
and hTPO genes into a single vector. For the cell 
retention study, better radioiodine (125I) reten-
tion in the hNIS-hTPO transfected group was 
observed at all time points (5, 15, 30, and 60 
min) examined as compared to the hNIS-, or 
hTPO-transfected group, and non-transfected 
group (Figure 9), indicating that the improved 
radioiodine retention was indeed contributed 
from the hTPO-mediated organification. Overall, 
the multicistronic co-expression of hTPO and 
hNIS genes in PC-3 cells led to a synergistic 
effect for the improved radioiodine uptake and 
retention.

It is worthy to note that cytomegalovirus (CMV) 
promoter, one of the most commonly used pro-
moters for expression of transgenes in mam-
malian cells, was used in our study. Although 
prostate cancer PC-3 cell line was selected for 

Figure 9. Time course of hTPO-hNIS-, hNIS-, and 
hTPO- mediated radioiodine (125I) uptake (A) and re-
tention (B) in transfected PC-3 cells as compared to 
non-transfected.
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this proof-of-concept study, our newly con-
structed vector has the potential to be applied 
to other tumor cell lines. More broadly, after 
replacing the CMV promoter with other tumor or 
tissue specific promoters, such as PEG3 (pro-
gression elevated gene-3) or survivin, the 
resulting multicistronic genes may promote 
even better tumor specificity, leading to more 
favorable properties in terms of radioiodine 
uptake and retention. Further modifications of 
multicistronic vector and translation of our in 
vitro findings to in vivo studies are currently 
underway.

Conclusion

We successfully constructed a single Ad5 viral 
vector by introducing the T2A between hNIS 
and hTPO genes with Gateway cloning system. 
It is the first time to combine two large size 
genes (hNIS and hTPO) in a single Ad5 adenovi-
ral vector. Our results from the radioiodine (125I) 
uptake and retention studies demonstrated 
that the hTPO mediated by hNIS can enhance 
the uptake (after 1 h incubation time) and 
retention of radioiodine in transfected prostate 
cancer PC-3 cells as compared to the single 
gene-transfected and non-transfected groups. 
We anticipate that this advanced approach will 
provide valuable information for better under-
standing and improving hNIS-hTPO mediated 
radioiodine gene therapy.
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