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of HSV1-tk/GCV suicide gene therapy directed
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Abstract: This study aims to observe the expression of HSV1-tk in mouse bone marrow mesenchymal stem cells
(BMSCs-EGFP-tk) and detect the inhibition and killing effects of BMSCs as mediator of HSV1-tk/GCV on A549 cells
in vitro, which can provide the experimental basis for gene therapy of lung cancer. We constructed the recombinant
plasmid Vector pDON-AI-2 Neo-HSV1-tk-IRES2-EGFP with genetic engineering methods. Then we obtained the virus-
like particles with infection ability after packaging the virus. The recombinant plasmid was transfected into mouse
bone marrow mesenchymal stem cells in vitro. The expressions of EGFP in cells were observed by fluorescence mi-
croscopy and HSV1-tk gene was detected with RT-PCR. At last, the A549 cells and BMSCs-EGFP-tk cells were co-cul-
tured with in vitro contact method, and the effect of BMSCs-EGFP-tk/GCV system was determined by MTT. Results
indicated that the biological characteristics of BMSCs-EGFP-tk were consistent with those of BMSCs and fluorescent
light expression and HSV1-tk gene expression can persist at least 15 days. The A549 cells and BMSCs-EGFP-tk cells
were co-cultured and BMSCs-EGFP-tk:A549 = 2:1, adding 1 yg/mL GCV, the theory mortality is 58.44%, but actually
the mortality is 90%. There is almost no difference between BMSCs-EGFP-tk and BMSCs cells in biological charac-
teristics. The growth of A549 cells have an obviously inhibition and the bystander effect is outstanding in vitro after
co-culture and this experiment lays solid foundation for the future research.
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Introduction

Lung cancer is a kind of malignant tumor and
poses a serious threat to human health.
80%~90% patients among them are non-small
cell lung cancer (non-small cell lung cancer,
NSCLC). The overall 5-years survival rate of
lung cancer is only 10%~13% [1] and the pro-
portion of adenocarcinoma is rising. At present,
lung adenocarcinoma is usually treated by
means of operation, radiation, chemotherapy,
immune, Chinese medicine, biological therapy
and so on. There is still lack of effective meth-
ods. However, its diagnosis is difficult due to no
obvious clinical symptoms in the early. Many
patients had developed to advanced adenocar-
cinoma when the diagnosis can be done. Lung
adenocarcinoma is not sensitive to the radio-
therapy so the overall clinical efficacy is poor.
The suicide gene therapy of lung adenocarci-

noma became the research hotspot in recent
years with the development of tumor biological
treatment [2, 3].

Suicide genes mainly include the thymidine
kinase (TK) gene of herpes simplex virus (HSV)
and varicella zoster virus (VZV), nitroreductase
gene and GPT gene of Escherichia coli, cytosine
deaminase gene. HSV1-tk gene is one of the
most studied and widely used genes. The HSV1-
tk/GCV treatment system was firstly used for
the treatment of cancer by Mootlen in 1986
and it was confirmed to have significant direct
tumoricidal effect [4].

“Bystander effect” is one of the important ways
to solve the problem of low transfection effi-
ciency in gene therapy in vivo, while the vector
selection of gene transfection and expression
is another important way to solve this problem.
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There is a big effect on transfection efficiency
with different vectors. At present, there are two
commonly used vector systems for tumors’
gene therapy: viral and non-viral vector [5].

Bone marrow mesenchymal stem cells (BMSCs)
have the advantage of good mobility and tumor
tissue tropism, being easy to be transfected
and long-term stable expression [6, 7]. Taking it
as a gene carrier for cancer treatment is one of
the stem cells and tissue engineering research
hotspots [8-11].

In this study, we packaged the retroviral parti-
cles carrying HSV1-tk gene into the BMSCs,
BMSCs can be as a “companion vector” of viral
vector involved in tumor gene therapy. The non-
toxic prodrug ganciclovir (GCV) was changed
into the cytotoxic phosphorylation GCV and we
studied the inhibition with lung adenocarcino-
ma A549 cells in vitro. This can provide refer-
ence for further research on its inhibitory/Kkill-
ing effect on lung adenocarcinoma in vivo.

Materials and methods

Construction of recombinant plasmid pDON-AI-
2-Neo-HSV1-tk-IRES2-EGFP

The HSV1-tk cDNA fragments were obtained by
polymerase chain reaction (PCR). Two restric-
tion sites Bglll and Sall were added to each of
the primer respectively. The sequences of prim-
er were as follows: HSV1-tk F: 5-GGAAGATCTAT-
GGCTTCGTAC-3’, R: -ACGCGTCGACCGTGTTTCA-
GTTAG-3'. Then we constructed the recombi-
nant plasmid pHSV1-TK/18T with pMD18-T
cloning kit (Takara Biotechnology Co., Ltd,
Dalian). The recombinant plasmid pHSV1-
TK/18T and pIRES2-EGFP plasmid vector
(Takara Biotechnology Co., Ltd, Dalian) were
digested with the restriction enzyme Bglll and
Sall (Thermo Fisher Biochemical Product Co.,
Ltd, Beijing) respectively. After that they were
purified and ligated with T4 DNA ligase (Thermo
Fisher Biochemical Product Co., Ltd, Beijing),
therefore we got the recombinant plasmid
pHSV1-tk-IRES2-EGFP. In the same way, the
recombinant plasmid pHSV1-tk-IRES2-EGFP
and retroviral vector pDON-AI-2 Neo were
digested with the restriction enzyme Bglll and
Hpal (Thermo Fisher Biochemical Product Co.,
Ltd, Beijing) respectively to construct the
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recombinant plasmid pDON-AI-2-Neo-HSV1-tk-
IRES2-EGFP.

Package the virus

Briefly, the logarithmic growth phase 293T cells
were digested with trypsin (Sigma, USA) then
adjusted the cells’ density and re-culture them,
they can be used for transfection when the
cells’ density was 70%~80%. The packaging
plasmid mixture composed of pDON-AI-2 Neo-
HSV1-tk-IRES2-EGFP, pGP and pE-eco were co-
transfected into 293T cells. Then discard the
medium containing the transfection mixture
after cultured for 8 h and added new culture
medium, the cell supernatant was collected
after 48 h, centrifuge at 4°C, 4000 g for 10
min, remove the cell debris, then use the 0.45
pum PVDF film to filter the supernatant and har-
vest the packaged virus particles.

Isolation of BMSCs

SPF, three-weeks male BALB/C mice with
weight from 15 to 16 g were used for the isola-
tion of BMSCS. Took the femoral bone marrow
under aseptic conditions and put it into DMEM
medium containing 15% FBS low sugar (Gibco,
USA), then pipetted it repeatedly to form a sin-
gle cell suspension and centrifuged at 1000 r/
min for 5 min. After discarded the supernatant,
the sediment was re-suspended, then cultured
them in the culture flask at 37°C with 5% CO,,.

Transfected BMSCs

The recombinant plasmid pHSV1-tk-IRES2-
EGFP was transfected into BMSCs in vitro with
lipofectamine transfection reagent and retrovi-
ral vector respectively. Liposome mediated
recombinant plasmids were transfected into
BMSCs cells in accordance with the manual of
Lipofectamine™ 2000 kit (Invitrogen, USA). The
other transfection method was that the recom-
binant retroviral supernatant was added into
the BMSCs culture flask and cultured at 37°C
with 5% CO,. The EGFP green fluorescent pro-
tein and the expression of HSV1-tk mRNA were
detected after transfection in these two meth-
ods. We found 10 living cells in an optical
microscope view and then counted the fluores-
cence expression cells number under fluores-
cence microscope, we counted 10 views con-
tinuously to calculate the transfection efficien-
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Figure 1. After transfected BMSCs for 48 h with Liposome or retrovirus method, the expression of EGFP under the
fluorescence microscope (*100). A: Control of Liposome; B: Control of retrovirus; C: Positive expression of Liposome

method; D: Positive expression of retrovirus method.

cy. The transfection efficiency = fluorescence
expression cells number *10/100.

The stability of long-term cultured BMSCs-
EGFP-tk cells

After transfection for 6 h, 12 h, 24 h, 36 h, 48
h, 72 h, 9 d and 15 d, we observed cellular
morphology and growth status of BMSCs and
BMSCs-EGFP-tk cells. At the same time, the
total mRNA was isolated and detected the
expression of HSV1-tk mRNA with RT-PCR. The
statistical analysis of the data was done with
SPSS16.0 software.

The inhibition and killing effects of BMSCs-
EGFP-tk cells on A549 cells in vitro

A549 and BMSCs-EGFP-tk cells were cultured
in 25 cm? flask with complete medium (10%
FBS and 1% L-Glutamine DMEM or L-DMEM) at
37°C with 5% CO, incubator. Then they were co-
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cultured in 24 well plates with different mixing
ratio. After culturing for 24-48 h, 1 ug/ml GCV
were added into them. The inhibition and killing
effects of BMSCs-EGFP-tk cells on A549 cells
were determined by MTT. The cells were seed-
ed in 96 well plates according to the experi-
mental group and the amount was 4000 in
each well. They were detected with MTT after
treatmentat 24 h, 48 h, 72 h, 96 h, 120 h, 144
h, 168 h. The absorbance (A value) was the
average of 8 wells in each group at 570 nm. The
experiments were repeated three times.

Results

We successfully constructed the pDON-AI-2-
Neo-HSV1-tk-IRES2-EGFP recombinant plas-
mids and packaged cell 293T/tk with recombi-
nant retroviral vector containing HSV1-tk gene.
The genome of packaged virus containing
HSV1-tk gene were confirmed by RT-PCR.
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Figure 2. The expression of HSV1-tk mRNA in BMSCs after Liposome transfection (A, B) and retroviral transfection
(C, D). (A) HSV1-tk gene, M: DL2000 marker, 1: control, 2: pIRES2-EGFP Vector, 3: pHSV1-tk-IRES2-EGFP; (B) B-actin
gene, M: DL2000 marker, 1: control, 2: pIRES2-EGFP Vector, 3: pHSV1-tk-IRES2-EGFP; (C) HSV1-tk gene, M: DL2000
marker; 1, 2: pDON-AI-2 Neo-HSV1-tk-IRES2-EGFP 3: Control; (D) B-actin gene, M: DL2000 marker; 1, 2: pDON-AI-2
Neo-HSV1-tk-IRES2-EGFP 3: Control.
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Figure 3. The fluorescence expression of BMSCs in-
fected with pDON-AI-2 Neo-HSV1-tk-IRES2-EGFP.

The EGFP green fluorescent protein and the
expression of HSV1-tk mRNA were detected
after transfection at the same time. It was con-
firmed that both lipofectamine transfection
reagent and retroviral vector methods could
transfect the BMSCs. However, the transfec-
tion efficiency of retroviral vector and lipo-
fectamine transfection was 13.0% and 24.0%
respectively, the transfection efficiency of ret-
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Figure 4. The sensitivity of A549 cell, BMSCs, BM-
SCs-EGFP-tk cell lines to GCV.

roviral vector was obviously higher than that of
the lipofectamine transfection reagent (P <
0.05) (Figures 1 and 2).

The long-term cultured BMSCs-EGFP-tk cells
were long shuttle shape and only few cells were
round. The cellular morphology was uniform
and the cells grew in good condition. The bio-
logical characteristics of BMSCs-EGFP-tk cells
were consistent with those of BMSCs. The
transfected BMSCs cells had the strongest fluo-
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Figure 5. The growth curve changes of A549 cells by different treated ways.

rescent expression after 48 h and it could last
for 15 days (Figure 3). We could detect HSV1-tk
MRNA gene after transfected 15 days. However
there were no fluorescent expressions or HSV1-
tk mRNA gene in normal BMSCs cells.

BMSCs-EGFP-tk is more sensitive to GCV than
BMSCs and A5% and ha549 cells. When the
concentration of GCV is 1 pg/ml, it has little
cytotoxicity to BMSCs and A549 cells while has
large cytotoxicity to BMSCs-EGFP-tk which mor-
tality reached more than 8s significant dose-
correlation (Figure 4). So we selected 1 pg/ml
as the test dose.

When the concentration of GCV is 1 yg/ml, the
mortality of BMSCs-EGFP-tk cells cultured
alone was 87.42% and A549 cells cultured
alone was 0.48%. So the theoretical mortality
of co-cultured BMSCs-EGFP-tk and A549 cells
was A*[0.8742*a+0.0048*(1-a)]/Ax100%. A =
the total cell number of each well, a = the ratio
of BMSCs-EGFP-tk and A549 cells. The actual
mortality is higher than the theoretical mortali-
ty of co-cultured cells. When BMSCs-EGFP-
tk:A549 = 1:10, the theoretical mortality was
8.34% while the actual mortality was 14.88%.
The bystander effect was not obvious. When
BMSCs-EGFP-tk:A549 = 2:1, the theoretical
mortality was 58.44% while the actual mortali-
ty was almost 90%, the bystander effect was
obvious. So we took the mixing ratio of BMSCs-
EGFP-tk:A549 = 2:1 as the co-cultured optimal
proportion. Figure 5 showed the growth curve
changes of A549 cells by different treated
ways. We can find in BMSCs-EGFP-tk:A549 =
2:1, 1 yg/ml GCV group, on the fourth day, the
survival rate of A549 cells has a lower level of
20.96%, it has significant inhibited effect on
the growth of A549 cells.

3084

prostate cancer, ovarian can-
cer, melanoma and other tu-
mors [12-14]. Enhanced green
fluorescent protein gene (EG-
FP) is a reporter gene that can
be expressed in the cells and
does not require other exoge-
nous substrates involved in
[15, 16], it is widely applied in the regulation of
gene expression, transgenic animal, protein
positioning in the cell and other research on
the gene function [17]. We constructed the
pHSV1-tk-IRES2-EGFP recombinant plasmid
successfully in this study. Then we used recom-
binant retrovirus vector pDON-AI-2 Neo to carry
HSV1-tk gene into packaging cell line 293T and
completed the assembly with the complemen-
tary role of defective virus vector and packag-
ing cells. At last we got the pDON-AI-2 Neo-
HSV1-tk-IRES2-EGFP recombinant retroviral
particles with the ability of infecting host cells.

We infected BMSCs instantaneously and got
BMSCs-EGFP-tk cells using retroviral mediated
method. The basic morphological characteris-
tics of both BMSCs-EGFP-tk cells and normal
BMSCs are almost the same which showed that
the exogenous HSV1-tk gene had no effect on
the physiological function of BMSCs. EGFP and
HSV1-tk mRNA expression could still be
observed in BMSCs and with stable traits after
they were long-term normal cultured for 15
days.

The co-culture system is to co-culture two kinds
of mixed cells in vitro culture conditions which
simulates in vivo environment. It can make one
kind of cells have stable morphology and func-
tion and maintain for a long time, the interac-
tions between cells and cells can be observed
[18]. The commonly used co-culture methods
include: contact and non-contact [19]. It is
widely used in the study of invasiveness,
metastasis and experimental treatment of
tumor [20], angiogenesis and nutrition supply
and the mechanism of tumor central necrosis
etc [21, 22]. Li et al. [23] co-cultured BMSCs
and myocardial cells to study the effects of
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myocardial cells on BMSCs. Cheng et al. [24]
co-cultured BMSCs and embryonic stem cells
and found that some cytokines secreted by
BMSCs can improve the survival rate of the
embryonic stem cells and BMSCs can be used
as feeder layer cells of embryonic stem cells.
However, there was little study on the co-cul-
ture of lung cancer cells and BMSCs.

We used a direct contact co-culture method in
this study. The two kinds of cells can be fully
contacted and interacted completely with this
co-culture method, and it is more effective to
observe the role of HSV1-tk/GCV suicide gene
treatment system than non-contact co-culture
method. BMSCs-EGFP-tk cells and A549 cells
were co-cultured and the pro-drug GCV was
added at the same time. The actual mortality of
co-culture cells is higher than the theory mor-
tality, and the mortality rate increased gradual-
ly with the increase of the proportion of BMSCs-
EGFP-tk. When the proportion of BMSCs-EGFP-
tk was 67% (BMSCs-EGFP-tk:A549 = 2:1), the
theory mortality was 58.44% and the actual
mortality was close to 90%, it had obvious
bystander effect. So we selected BMSCs-EGFP-
tk:A549 = 2:1 as the optimal co-culture propor-
tion. After adding 1 ug/ml GCV for 96 h, the
mortality reached 87.42% (theoretical mortality
should be 24%), it showed that most of the
BMSCs not being transfected with TK gene
were killed and it confirmed the bystander
effect. Only BMSCs or BMSCs-EGFP-tk cells did
not have significant inhibitory effect on the
growth of A549 cells, while we observed a sig-
nificant inhibitory effect on the growth of A549
cells in the 1 ug/ml GCV group. So the applica-
tion of BMSCs-EGFP-tk/GCV system in vitro on
lung adenocarcinoma cell line A549 showed
good tumor suppressor, cytotoxic effect and
bystander effect.

In conclusion, this study successfully construct-
ed and packaged recombinant retroviral parti-
cles pDON-AI-2 Neo-HSV1-tk-IRES2-EGFP and
infected mice BMSCs instantaneously with it.
BMSCs-EGFP-tk cells expressing HSV1-tk gene
were cultured successfully. Their killing effect
on lung adenocarcinoma A549 cells was veri-
fied in vitro. It provided a solid foundation for
the feasibility of suicide gene therapy of lung
cancer.

Disclosure of conflict of interest

None.

3085

Address correspondence to: Wen-Gui Xu, The Nuc-
lear Medicine Department of Tianjin Medical Univer-
sity Cancer Institute & Hospital, Tianjin 300060,
China. Tel: 86-22-23340123; E-mail: wenguixu-
wg@126.com

References

[1] Morimoto E, Inase N, Mlyake S, Yoshizawa Y.
Adenovirus-mediated suicide gene transfer to
small cell lung carcinoma using a tumor-specif-
ic promoter. Anticancer Res 2001; 21: 329-
332.

[2] Wang XP, Yazawa K, Yang J, Kohn D, Fisher WE,
Brunicardi FC. Specific gene expression and
therapy for pancreatic cancer using the cyto-
sine deaminase gene directed by the rat insu-
lin promoter. Gastrointest Surg 2004; 8: 98-
108.

[3] Fischer U, Steffens S, Frank S. Mechanisms of
thymidine kinase/ganciclovir and cytosine
deaminase/5-fluorocytosine suicide gene ther-
apy-induced cell death in glioma cells.
Oncogene 2005; 24: 1231-1243.

[4] Moolten FL. Tumor chemosensitivity conferred
by inserted herpes thymidine kinase genes.
Cancer Res 1986; 46: 5276-5281.

[5]  Uchibori R, Okada T, Ito T, Urabe M, Mizukami
H, Kume A, Ozawa K. Retroviral vector-product-
ing mesenchymal stem cells for targeted sui-
cide cancer gene therapy. Gene Med 2009;
11:373-81.

[6] Henschler R, Deak E, Seifried E. Homing of
mesenchymal stem cells. Transfus Med
Hemother 2008; 35: 306-312.

[71 Coussens LM, Werb Z. Inflammation and can-
cer. Nature 2002; 420: 860-867.

[8] Kanehira M, Xin H, Hoshino K, Maemondo M,
Mizuguchi H, Hayakawa T, Matsumoto K,
Nakamura T, Nukiwa T, Saijo Y. Targeted deliv-
ery of NK4 to multiple lung tumors by bone
marrow-derived mesenchymal stem cells.
Cancer Gene Ther 2007; 14: 894-903.

[91 Nakamura K, Ito Y, Kawano Y, Kurozumi K,
Kobune M, Tsuda H, Bizen A, Honmou O, Niitsu
Y, Hamada H. Antitumor effect of genetically
engineered mesenchymal stem cells in a rat
glicm a model. Gene Ther 2004; 11: 1155-
1164.

[10] Ren C, Kumar S, Chanda D. Cancer gene ther-
apy using mesenchymal stem cells expressing
interferon-beta in a mouse prostate cancer
lung metastasis model. Gene Ther 2008; 15:
1446-1453.

[11] Stoff-Khalili MA, Rivera AA, Mathis JM,
Banerjee NS, Moon AS, Hess A, Rocconi RP,
Numnum TM, Everts M, Chow LT, Douglas JT,
Siegal GP, Zhu ZB, Bender HG, Dall P, Stoff A,
Pereboeva L, Curiel DT. Mesenchymal stem

Int J Clin Exp Med 2014;7(9):3080-3086


mailto:wenguixuwg@126.com
mailto:wenguixuwg@126.com

[12]

[13]

(14]

[15]

[16]

[17]

(18]

3086

The effect of BMSCs-EGFP-tk against A549

cells as a vehicle for targeted delicery of CRAds
to lung metastases of breast carcinoma.
Breast Cancer Treat 2007; 105: 157-167.
Hasenburg A, Tong XW, Rojas-Martinez A,
Nyberg-Hoffman C, Kieback CC, Kaplan A,
Kaufman RH, Ramzy |, Aguilar-Cordova E,
Kieback DG. Thymidine kinase gene therapy
with concomitant topotecan chemotherapy for
recurrent ovarian cancer. Cancer Gene Ther
2000; 7: 839-844.

Ayala G, Wheeler TM, Shalev M, Thompson TC,
Miles B, Aguilar-Cordova E, Chakraborty S,
Kadmon D. Cytopathic effect of in situ gene
therapy in prostate cancer. Hum Pathol 2000;
31: 866-870.

Shalev M, Kadmon D, Teh BS, Butler EB,
Aguilar-Cordova E, Thompson TC, Herman JR,
Adler HL, Scardino PT, Miles BJ. Suicide gene
therapy toxicity after multiple and repeat injec-
tions in patients with localized prostate cancer.
J Urol 2000; 163: 1747-1750.

Zhang G, Gurtu V, Kain SR. An enhanced green
fluorescent protein allows sensitive detection
of gene transfer in mammalian cells. Biochem
Biophys Res Commun 1996; 227: 707-711.
Cormack BP, Valdivia RH, Falkow S. FACS-
optimized mutants of the green fluorescent
protein (GFP). Gene 1996; 173: 33-38.

Taylor JI, Hurst CD, Davies MJ, Sachsinger N,
Bruce 1J. Application of magnetite and silica-
magnetite composites to the isolation of ge-
nomic DNA. J Chromatogr A 2000; 890: 159-
166.

Nakazawa K, Kalassy M, Sahuc F, Collombel C,
Damour O. Pigmented human skin equivalent-
as a model of the mechanisms of control of
cell-cell and cell-matrix interactions. Med Bio
Eng Comput 1998; 36: 813-820.

(19]

[20]

(21]

[22]

(23]

[24]

Alavi A, Stupack DG. Cell survival in a three-di-
mensional matrix. Methods Enzymol 2007;
426: 85-101.

Woodward TL, Xie J, Fendrick JL, Haslam SZ.
Proliferation of mouse mammary epithelial
cells in vitro: Interactions among epidermal
growth factor, insulin-like growth factor I, ovar-
ian hormones, and extracellular matrix pro-
teins. Endocrinology 2000; 141: 3578-3586.
Chen Y, Wei T, Yan L, Lawrence F, Qian HR,
Burkholder TP, Starling JJ, Yingling JM, Shou J.
Developing and applying a gene functional as-
sociation network for anti-angiogenic co-cul-
ture model. BMC Genomics 2008; 9: 264.
Sorrell JM, Baber MA, Caplan Al. A self-assem-
bled fibroblast-endothelial cell co-culture sys-
tem that supports in vitro vasculogenesis by
both human umbilical vein endothelial cells
and human dermal microvascular endothelial
cells. Cells Tissues Organs 2007; 186: 157-
68.

Li X, Yu X, Lin Q, Deng C, Shan Z, Yang M, Lin S.
Bone marrow mesenchymal stem cells differ-
entiate into functional cardiac phenotypes by
cardiac microenvironment. J Mol Cell Cardiol
2006; 54: 3254-3266.

Cheng L, Hammond H, Ye Z, Zhan X, Dravid G.
Human adult marrow cells support prolonged
expansion of human embryonic stem cells in
culture. Stem Cells 2003; 21: 131-42.

Int J Clin Exp Med 2014;7(9):3080-3086



