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Abstract

Anaplastic thyroid cancer (ATC) is the most aggressive malignancy of the thyroid, during

which undifferentiated tumors arise from the thyroid follicular epithelium. ATC has a very

poor prognosis due to its aggressive behavior and poor response to conventional therapies.

Gene-directed enzyme/prodrug therapy using genetically engineered mesenchymal stromal

cells (MSC) is a promising therapeutic strategy. The doxycycline (DOX)-controlled Tet

inducible system is the most widely utilized regulatory system and could be a useful tool for

therapeutic gene-based therapies. For example, use a synthetic “tetracycline-on” switch

system to control the expression of the therapeutic gene thymidine kinase, which converts

prodrugs to active drugs. The aim of this study was to develop therapeutic MSCs, harboring

an inducible suicide gene, and to validate therapeutic gene expression using optical molecu-

lar imaging of ATC. We designed the Tet-On system using a retroviral vector expressing

herpes simplex virus thymidine kinase (HSV1-sr39TK) with dual reporters (eGFP-Fluc2).

Mouse bone marrow-derived mesenchymal stromal cells (BM-MSC) were transduced using

this system with (MSC-Tet-TK/Fluc2) or without (MSC-TK/Fluc) the Tet-On system. Trans-

duced cells were screened and characterized. Engineered MSCs were co-cultured with

ATC (CAL62/Rluc) cells in the presence of the prodrug ganciclovir (GCV) and stimulated

with DOX. The efficiency of cell killing monitored by assessing Rluc (CAL62/Rluc) and Fluc

(MSC-Tet-TK/Fluc and MSC-TK/Fluc) activities using IVIS imaging. Fluc activity increased

in MSC-Tet-TK/Fluc cells in a dose dependent manner following DOX treatment (R2 =

0.95), whereas no signal was observed in untreated cells. eGFP could also be visualized

after induction with DOX, and the HSV1-TK protein could be detected by western blotting. In

MSC-TK/Fluc cells, the Fluc activity increased with increasing cell number (R2 = 0.98), and

eGFP could be visualized by fluorescence microscopy. The Fluc activity and cell viability of

MSC-Tet-TK/Fluc and MSC-TK/Fluc cells decreased significantly following GCV treatment.

A bystander effect of the therapeutic cells confirmed in co-cultures of CAL62 cells, an ana-

plastic thyroid cancer cell line, with either MSC-Tet-TK/Fluc cells or MSC-TK/Fluc cells. The

Rluc activity in MSC-Tet-TK/Fluc co-cultures, derived from the CAL62/Rluc cells, decreased

significantly with GCV treatment of DOX treated cultures, whereas no significant changes

were observed in untreated cultures. In addition, the Fluc activity of MSC-Tet-TK/Fluc cells
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also decreased significantly with DOX treatment whereas no signal was present in untreated

cultures. A bystander effect also be demonstrated in co-cultures with MSC-TK/Fluc cells

and CAL62/Rluc; both the Rluc activity and the Fluc activity were significantly decreased fol-

lowing GCV treatment. We have successfully developed a Tet-On system of gene-directed

enzyme/prodrug delivery using MSCs. We confirmed the therapeutic bystander effect in

CAL62/Rluc cells with respect to MSC-Tet-TK/Fluc and MSC-TK/Fluc cells after GCV treat-

ment with and without DOX. Our results confirm the therapeutic efficiency of a suicide gene,

with or without the Tet-On system, for ATC therapy. In addition, our findings provide an inno-

vative therapeutic approach for using the Tet-On system to eradicate tumors by simple,

repeated administration of MSC-Tet-TK/Fluc cells with DOX and GCV.

Introduction

The ultimate aim of gene therapy is to treat a disease by genetically modifying the cells [1].

Transgenes may be directly transferred into a range of target cells, including normal cells, can-

cer cells, or pluripotent stem cells. If a transgene introduced into a cancer cell, then it can lead

to either cell death or restore normal cellular function, whereas introduction of the transgene

into normal cells can protect the cell from drug-induced toxicities, or initiate an immune

response. Gene or vector-based therapies for cancer include an extensive role for treatment

modalities within the tumor microenvironment [2, 3].

Tetracycline-controlled transcriptional activation is a widely used method of inducible gene

expression wherein transcription is reversibly turned on or off in the presence of the antibiotic tet-

racycline or one of its derivatives (e.g. doxycycline; DOX). The Tet technology consists of two

complementary control systems, initially described as the tTA-dependent (Tet-Off System) and

rtTA-dependent expression systems (Tet-On System). The tetracycline-inducible system is the

most widely utilized regulatory system and might be a useful tool in the emerging era of synthetic

biology [4, 5]. Suicide genes exhibit a cytotoxic effect after expression in the host cell. Certain sui-

cide genes encode enzymes that convert nontoxic prodrugs into highly toxic metabolites, thereby

precisely eliminating cells expressing these enzymes [6]. Suicide genes have been studied for the

treatment of cancer through the introduction of these genes into cancer cells or neighboring cells.

The expression of suicide genes in cancer cells results in the generation of cytotoxic products, kill-

ing the cancer cell; nearby cancer cells that do not express the suicide gene can also be killed by

exposure to cytotoxic products by a process known as the bystander effect [7–12].

The first, and most commonly used, suicide gene is the herpes simplex virus-thymidine

kinase (HSV1-TK), which converts the drug ganciclovir (GCV) into cytotoxic GCV-triphos-

phate [6, 13]. The combination of the suicide gene HSV1-TK with a tightly controlled system,

such as Tet-On, which simply regulated by presence, or absence of doxycycline, could reduce

the side effects associated with gene-based therapy.

Mesenchymal stem cells (MSCs) are multipotent, and are derived from a variety of tissues or

organs, including adipose tissue, umbilical cord, placenta, and bone marrow [14]. MSCs are attrac-

tive vehicles for the delivery of therapeutic agents to cancer cells, based on their tumor-specific tro-

pism, and have been used for suicide gene therapy [15–17]. MSCs engineered with apoptosis

inducers (e.g. TRAIL), oncolytic viruses, interleukins (ILs), interferons (IFNs), or HSV1-TK are

able to deliver these biological molecules to tumors and have demonstrated antitumor activity [7,

18–21]. Imaging technologies have been utilized for the diagnosis and monitoring of therapeutic

effects and these tools are indispensable for developing new drugs before their clinical translation

[22].

Genetically engineered mesenchymal stem cells in a Tet-On system for anaplastic thyroid cancer

PLOS ONE | https://doi.org/10.1371/journal.pone.0181318 July 20, 2017 2 / 19

Daegu-Gyeongbuk Medical Innovation Foundation

(DGMIF) funded by the Ministry of Health &

Welfare, Republic of Korea (HT13C0002), and a

grant from the Korea Health Technology R&D

Project through the Korea Health Industry

Development Institute (KHIDI), funded by the

Ministry of Health & Welfare, Republic of Korea

(HI15C0001). This work was also supported by a

National Research Foundation of Korea (NRF) grant

funded by the Korean government (MSIP) (No.

NRF- 2015M2A2A7A01045177). Also this research

was supported by basic science research program

through the NRF funded by the ministry of

education (NRF-2016R1D1A1A02936968). The

funders had no role in study design, data collection

and analysis, decision to publish, or preparation of

the manuscript.

Competing interests: The authors have declared

that no competing interests exist.

http://youtu.be/dcUVXPTtn8M
http://youtu.be/kn9VNYe9_Vg
https://doi.org/10.1371/journal.pone.0181318


Globally, thyroid cancer incidence has been continuously increasing over the past few

decades, and has become the fifth most common malignancy in females [23]. The most aggres-

sive form of thyroid cancer, anaplastic thyroid cancer (ATC), is a highly aggressive form of the

disease with poor prognosis [24]. Unfortunately, resistance to radio- and chemotherapy is a

common feature; thus, the development of novel therapeutics is essential to improve the treat-

ment of ATC patients. There have been no reports of ATC treatment with MSCs harboring a

suicide gene. The aim of this study was to develop therapeutic MSCs expressing an inducible

HSV1-TK suicide gene, and to validate therapeutic gene expression in vitro using optical

molecular imaging and a model of ATC.

Materials and methods

Materials

Tetracycline-free fetal bovine serum (FBS), doxycycline, and pRetroX-TRE3G and pRetroX-

Tet3G plasmids were purchased from Clontech (Mountain View, CA, USA). A CaPO4 trans-

fection kit and gentamicin were purchased from Invitrogen (Carlsbad, CA, USA).

Cell culture

Mouse bone marrow-derived MSCs (Invitrogen, USA) were cultured in DMEM-F12

(HyClone, Logan, UT, USA) supplemented with 10% FBS (HyClone), 1% gentamicin (GIB-

CO-BRL Life Technologies, Gaithersburg, MD, USA), and 1× Glutamax (Invitrogen). The

human anaplastic thyroid cancer cell line CAL62 was purchased from (DSMZ-Germany), and

mouse bone marrow derived mesenchymal stem cells (BM-MSCs) were purchased from Invi-

trogen. CAL62 cells were grown in DMEM supplemented with 10% FBS and 1% penicillin/

streptomycin solution (HyClone).

Plasmid constructs

Tet-responsive regulatory systems are normally comprised of two different expression cassettes,

one containing the regulatory protein (tTA) and the second containing the Tet regulatory ele-

ment fused to a minimal promoter, which regulates the expression of the reporter or therapeutic

transgene. The inducible expression system was purchased from Clontech, and it contains a regu-

lator plasmid (pRetroX-Tet3G) and a response plasmid (pRetroX-TRE3G). The therapeutic gene

HSV1-sr39TK (HSV1-TK) and reporter gene, containing the full sequence of sr39TK-eGFP-IR-

ES-Fluc2, were inserted into the response plasmid pRetroX-TRE3G after the TRE3G promoter.

Based on previously described transcriptional regulators [25–27], the Tet-On 3G is a modified

form of the Tet-On advanced transactivator protein that has been modified for markedly in-

creased sensitivity to DOX [28]. The inducible promoter pTRE3G yields very low basal expres-

sion and maximal expression after induction [29]. It consists of seven repeats of a 19 bp tet

operator sequence located upstream of a minimal CMV promoter to give higher performance

for retroviruses. In the presence of DOX, Tet-On 3G binds specifically to pTRE3G and activates

transcription of the downstream genes (sr39TK). pTRE3GV lacks binding sites for endogenous

mammalian transcription factors, so it is virtually silent in the absence of induction.

Viral transduction

CAL62 cells were transduced with lentiviral particles expressing mCherry-Rluc under the con-

trol of the CMV promoter (GeneCopoeia, Rockville, MD, USA) and then selected with 2 μg/

mL of puromycin (CAL62/Rluc cells) for 2–3 weeks. MSC cells were transduced with retrovi-

rus isolated from Gryphon E cells (Allele Biotechnology, San Diego, CA, USA). The plasmids
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Retro-Tet3G and Retro-HSV1-sr39TK-eGFP-IRES-Fluc2 were separately transfected by the

CaPO4 method into Gryphon E cells. After overnight transfection, the medium was changed,

and the virus was collected daily for 2 days, pooled, passed through a 0.45-μm filter, and con-

centrated using an Amicon filter. The concentrated virus was used to transduce MSCs with a

1:1 dilution of Retro- Tet3G and Retro-HSV1-sr39TK-eGFP-IRES-Fluc2 for making Tet-On

MSC-Tet-TK/Fluc2 cells; stable transfectants without Tet-On (MSC-TK/Fluc) were also devel-

oped. The MSC-Tet-TK-Fluc cells were sorted after treatment with DOX at 2 μg/mL, and

MSC-TK/Fluc cells were sorted by flow cytometry based on GFP expression. After one round

of sorting, GFP was expressed in more than 50% of cells, and these cells were used for further

study. The sorted cells were screened and characterized.

Renilla luciferase (Rluc) and firefly luciferase (Fluc) activity in transduced

cells

To confirm Rluc activity, CAL62 and CAL62/Rluc cells at different densities (1.25×104,

2.5×104, 5×104, 1×105, and 2×105 cells/well) were plated in a clear-bottom 24-well plate in

DMEM. After 24 h, the substrate coelenterazine (CTZ) (Perkin Elmer, Waltham, MA, USA)

was added to each well, and Rluc activity was determined by BLI (Bioluminescence imaging),

using the IVIS Lumina II system (Caliper Life Sciences, Hopkinton, MA, USA). To confirm

the Fluc activity of MSC-TK/Fluc, cells at different densities (0.625×104, 1.25×104, 2.5×104,

5×104, 1×105, and 2×105 cells/well) were plated in a clear-bottom 24-well plate and cultured in

DMEM medium for 24 h, and then Fluc activity was measured. For MSC-Tet-TK/Fluc cells,

we plated 2×104 cells/well in a 48 well plate. After 24 h, 0.625 to 2 μg/mL of DOX was added to

each well, and after further incubated for 24 h. Fluc activity was then determined by BLI using

the IVIS Lumina II system. After BLI imaging we carefully drew a separate region of interest

(ROI) in each well and the signal was quantified using living image software.

Dose- and time-dependent Fluc activity in MSC-Tet-TK/Fluc cells

Initially the Fluc activity of MSC-Tet-TK/Fluc cells was assessed with 0.625 to 2 μg/ mL of

DOX. We further analyzed the dose- and time-dependent Fluc activity. MSC-Tet-TK/Fluc

cells were plated in a 48-well plate (1×104 cells/well) and cultured overnight; the cells were

incubated with increasing concentrations of DOX (0.5 to 16 μg/ mL) for 24, 48, or 72 h. In

addition, after 24 h of DOX induction, the medium was removed and fresh medium was

added for another 24 or 48 h to assess residual Fluc activity. Fluc activity was measured by BLI

using the IVIS Lumina II system.

Western blot analysis

For western blot analysis, 50-μg protein samples were separated by 10% SDS-PAGE and trans-

ferred to PVDF membranes (Millipore, Billerica, MA, USA). The blots were incubated with

primary antibodies against HSV1-TK (Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA),

followed by incubation with HRP-tagged secondary antibodies. The protein-antibody com-

plexes were visualized using an enhanced chemiluminescence kit (Pierce, Rockford, IL, USA).

3H-penciclovir (PCV) uptake assay

For functional assessment of the transfected cells, we performed a 3H-Penciclovir uptake

assays as described in Sekar et al., 2012 [30]. Briefly, MSC-TK/Fluc and MSC-Tet-TK/Fluc

cells stably expressing HSV1-TK, along with control cells were plated (2×105 cells/well) in

6-well plates. Twenty-four hours after plating, cells were induced with or without DOX for
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gene activation and then treated with 1 μCi of 3H-penciclovir (Moravek Biochemicals, La Brea,

CA, USA). After 1, 2, and 4 h of incubation at 37˚C with 5% CO2, cells were washed twice with

ice-cold PBS, lysed in 0.5 mL of 0.1% SDS and analyzed by a scintillation counter after adding

10 mL of scintillation fluid. The obtained counts per minute (CPM) were analyzed based on

the CPM of cell lysates/CPM of medium/μg of protein.

Cell viability and Fluc activity in MSC-Tet-TK/Fluc and MSC-TK/Fluc

cells after GCV treatment

MSC-TK/Fluc and MSC-Tet-TK/Fluc cells were treated with or without DOX followed by

treatment with different concentrations of GCV (0.25, 0.5, 1, 2, 4, and 8 μM) for 48 h to assess

the therapeutic efficiency of the HSV-1-TK suicide gene. For this, we plated MSC-TK/Fluc or

MSC-Tet-TK/Fluc cells in a 48-well plate at a density of 1×104 cells/well. After overnight cul-

ture, the MSC-Tet-TK/Fluc cells were induced with 2 μg DOX to activate expression of the

therapeutic gene. After 24 h stimulation with DOX, different concentrations of GCV were

administered to all of the wells. After 48 h, Fluc activity was measured by BLI using the IVIS

Lumina II system.

To determine the effects of GCV on cell viability, MSC-TK/Fluc or MSC-Tet-TK/Fluc cells

were seeded in 96-well plates (5×103/well) and treated with different doses of GCV after 24 h

induction with (or without) DOX (2 μg/ml). Cell viability was assessed 48 h post-GCV treat-

ment using Cell Counting Kit-8 (CCK-8) (Dojindo, Kumamoto, Japan).

Bystander effect

To assess the therapeutic efficiency of GCV we first co-cultured naïve MSCs with CAL62/Rluc

cells and treated them with GCV (0.25 to 8 μM) for 48 h. Next, we assessed the bystander

effect. MSC-TK/Fluc and MSC-Tet-TK/Fluc cells were separately mixed with CAL62/Rluc

(mCherry-Rluc) cells at a ratio of 1:1 in a 48-well plate and treated with various concentrations

of GCV after induction, with or without DOX, for 24 h. Subsequently, cells were treated with

GCV for 48 h. The survival of CAL62/Rluc and MSC-Tet-TK/Fluc cells was evaluated based

on Rluc and Fluc activity using the IVIS Lumina II system. Further, to confirm bystander-

mediated cytotoxicity of GCV treatment, we performed an analysis of morphological changes

using fluorescence microscopy.

In vivo therapeutic effect of MSC-Tet-TK/Fluc and MSC-TK/Fluc

In order to confirm the in vivo therapeutic effect we performed the in vivo experiment for

MSC-Tet-TK and MSC-TK cells. This animal experimental procedure was reviewed and

approved by the Kyungpook National University (KNU-2012-43) Animal Care and Use Com-

mittee and performed in accordance with the Guiding Principles for the Care and Use of Labo-

ratory Animals. For IVIS imaging, we used a controlled amount of isoflurane anesthesia and

oxygen system to the imaging chamber for animal imaging. For in vivo experiment, we sepa-

rated MSC-Tet-TK and MSC-TK group. For MSC-Tet-TK group, CAL62/Rluc cells with MSC

(left) and DOX induced MSC-Tet-TK/Fluc (right) cells was separately co-injected at 1:1

(1.5×106 cells each) ratio in left and right flank of the nude mice. In addition, the same strategy

applied for MSC-TK group. Then, Rluc activity was measured by IVIS imaging by using coe-

lentrazine as a substrate. MSC-Tet-TK group mice were received DOX (2 mg/kg b.wt) and

GCV (30mg/kg b.wt) by intra peritoneal injection and MSC-TK group mice were received

GCV (30mg/kg b.wt) for four days. After four days, treatment we analyzed the Rluc activity

and quantified.
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Statistical analysis

Individual experiments were performed three times and data is presented as means ± standard

deviation (SD). A P value <0.05 was considered statistically significant by Student t-test.

Results

Characterization of MSC-Tet-TK/Fluc and MSC-TK/Fluc cells

The BLI signal in MSC-Tet-TK/Fluc cells was low in untreated cells but increased with increas-

ing concentrations of DOX (Fig 1B, R2 = 0.95). Fluc signal was normalized with DOX(-) Fluc

activity which were increased with increased 11, 15.9, 19.1, 23, 25.6 and 30 fold after DOX

induction over a concentration range of 0.0625–2 μg/mL, respectively. Based on the maximal

induction being obtained at 2 μg/mL DOX, this concentration was selected for activation of

the Tet-On system for the remainder of the experiments in this study. The presence of the

HSV1-TK protein was confirmed by western blot analysis after DOX induction (2 μg/mL) for

24 h; notably, the HSV1-TK protein was not detected in the untreated cells or naïve MSC cells

Fig 1. Transduction of MSCs, with triple fusion (TF) reporter genes. (A) Schematic of the TF reporter gene construct pTRE3G-sr39tk-eGFP-Fluc and

the plasmid expressing the Tet-On 3G activator. (B) Confocal microscopy image of eGFP in MSC-Tet-TK/Fluc cells after induction with DOX (2 μg/mL) for 24

h. (C) Fluc activity in stably transduced MSCs (MSC-Tet-TK/Fluc) after DOX treatment for 24 h and detected using BLI quantitative imaging of Fluc activity.

(D) Western Blot analysis of HSV1-TK protein after 24 h induction of MSC-Tet-TK/Fluc cells with DOX (0,1,2 and 4 μg/ml).

https://doi.org/10.1371/journal.pone.0181318.g001
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(Fig 1C). The Fluc activity in MSC-TK/Fluc cells increased with increasing cell number and

showed a good correlation with cell number (Fig 2B, R2 = 0.98). MSC-Tet-TK/Fluc and

MSC-TK/Fluc cells, eGFP expression was visualized by confocal microscopy (Figs 1C and 2C).

Characterization of CAL62/Rluc cells

The Rluc activity in stably transfected CAL62/Rluc cells was measured using BLI. Rluc activity

in CAL62/Rluc cells increased with increasing cell number compared to CAL62 cells alone

(S1B Fig, R2 = 0.96). The expression of mCherry was also visualized by fluorescence micros-

copy (S1C Fig). The presence of the Rluc gene was confirmed by RT-PCR analysis (S1D Fig)

while the presence of the Rluc protein was confirmed by western blot analysis in CAL62/Rluc

cells; no band was observed with parental CAL62 cells (S1E Fig).

Time- and dose-dependent induction of Fluc during DOX treatment and

following DOX withdrawal in MSC-Tet-TK/Fluc cells

We assessed the time and dose-dependent effect of DOX induction on Fluc activity in

MSC-Tet-TK/Fluc cells as well as the time course of Fluc activity decay following DOX

Fig 2. Transduction of MSCs, with triple fusion (TF) reporter genes without the Tet-On system. (A) Scheme for the TF reporter gene plasmid pCMV-

pTRE3G-sr39tk-eGFP-Fluc, which has a minimal promoter. (B) Fluc activity detected by BLI imaging and quantitative analysis of Fluc signal as a function of

MSC-TK/Fluc cell number. (C) eGFP expression in MSC-TK/Fluc shown by confocal microscopy.

https://doi.org/10.1371/journal.pone.0181318.g002
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withdrawal. At 2 μg/mL DOX induction Fluc increased 26-, 20-, and 18-fold after 24, 48, and

72 h of continuous culture (S2A Fig), respectively. Following DOX withdrawal after 24 h of

treatment, the fold change was 26% in 24 h later and 16% at 48 h later in 2μg/ml DOX (S2B

Fig). Overall, DOX increased Flux activity in a dose-dependent manner at 24, 48, and 72 h of

culture. Maximum Fluc activity was observed with DOX concentrations of 2 and 4 μg/mL

after 24 and 48 h of culture, respectively. Based on these observations, we selected a concentra-

tion of 2 μg/mL of DOX for further in vitro experiments.

Functional characterization of MSC-Tet-TK/Fluc using a 3H-PCV uptake

assay

A 3H-penciclovir (PCV) uptake assay was performed to measure the functional efficiency of

MSC-TK/Fluc and MSC-Tet-TK/Fluc cells. HSV1-TK converts PCV into PCV-monophos-

phate; subsequently endogenous cellular TK phosphorylates the monophosphate form to gen-

erate PCV-triphosphate. The accumulation of 3H-PCV therefore indirectly indicates the

functional efficiency of the HSV1-TK enzyme expressed in cells. MSC-TK/Fluc and MSC-Tet-

TK/Fluc stable cells incubated with DOX (2 μg/mL) had higher 3H-PCV uptake compared to

either control MSCs or untreated MSC-Tet-TK/Fluc cells (Fig 3).

Effect of GCV and DOX on MSC cell viability using CCK-8

We found that GCV (8 μM) did not affect cell viability in naïve MSCs after 48 h of treatment

(Fig 4A), Since, we used DOX for gene activation, we also wanted to examine the effect of

Fig 3. 3H Penciclovir uptake assay in MSCs, MSC-Tet-TK/Fluc, and MSC-TK/Fluc cells. The penciclovir uptake

of naïve MSCs, MSC-TK/Fluc, untreated and DOX-treated (2 μg/mL) MSC-Tet-TK/Fluc cells over 1, 2, and 4 h time

periods.

https://doi.org/10.1371/journal.pone.0181318.g003
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DOX on cell viability in these same cells; using increasing concentrations of DOX for 48 h we

observed that cell viability was not decreased at 4 μg/mL DOX, but a significant reduction in

cell viability was observed at both 8 and 16 μg/mL DOX (p< 0.05) (Fig 4B).

Viability of MSC-Tet-TK/Fluc and MSC-TK/Fluc cells

Fluc activity in MSC-Tet-TK/Fluc cells was dropped 57% of control and 21% of control, at

0.25 μM and 8 μM GCV (Fig 5A) (p< 0.001) respectively. In contrast, DOX-untreated cells

did not exhibit any basal Fluc activity (Fig 5A). In parallel, Fluc activity, and hence cell viabil-

ity, in MSC-TK/Fluc cells decreased significantly being 62% of control and 37% of control,

respectively, at 0.25 μM and 8 μM GCV (Fig 5B). Comparing the two cell types, the decreases

in Fluc activity were greater in the MSC-Tet-TK/Fluc DOX inducible cells than in the MSC

cells stably expressing HSV1-TK (MSC-TK/Fluc). These changes in cell viability were con-

firmed using a CCK assay 48 h after GCV treatment. GCV (0.25 to 8 μM) treatment reduced

Fig 4. Cell viability of MSC, MSC-Tet-TK/Fluc, and MSC-TK/Fluc cells using a CCK-8 assay. (A) Cell viability of naïve MSCs treated with GCV for 48 h.

(B) Cell viability of MSCs treated with DOX for 48 h. (C) Cell viability of MSC-Tet-TK/Fluc cells treated after GCV treatment for 48 h with and without DOX.

(D) Cell viability of MSC-TK/Fluc cells after GCV treatment for 48 h. The values are expressed as the mean ± standard deviation (SD), of three experiments.

NS: denotes no significant change. * indicates significance at p<0.05 (by Student’s t test).

https://doi.org/10.1371/journal.pone.0181318.g004
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the cell viability in DOX-treated MSC-Tet-TK/Fluc cells, but not significantly in untreated

MSC-Tet-TK/Fluc cells (Fig 4C). MSC-TK/Fluc cell viability also decreased gradually with

increasing concentrations of GCV (0.25 to 8 μM) (Fig 4D). Taken together these data confirm

the efficacy of GCV in HSV1-TK-expressing cells.

Bystander effects of the Tet-On MSC-Tet-TK and MSC-TK/Fluc cell

suicide system

We assessed the effect of GCV on CAL62/Rluc cell viability through co-culture with naïve

MSCs for 48 h, and found no significant reduction in Rluc activity (Fig 6A). Thus, we con-

firmed that GCV alone had no effect on Rluc activity in CAL62/Rluc cells when co-cultured

with naïve MSCs. In DOX-treated co-cultures of MSC-Tet-TK/Fluc cells and CAL62/Rluc

cells, the relative Rluc activity of CAL62/Rluc cells decreased steadily, being 77.2, 71.8, 58.5,

52.6, 39.2 and 36% of control (p< 0.01, 0.001) respectively at the GCV concentrations of

0.25 μM to 8 μM (Fig 6B and 6D). In contrast, in untreated co-cultures of MSC-Tet-TK/Fluc

cells and CAL62/Rluc cells, the Rluc activity did not change significantly, being 100% of con-

trol and 92% of control respectively at GCV concentrations of 0.25 μM and 8 μM respectively.

Fig 5. Fluc activity of MSC-Tet-TK/Fluc and MSC-TK/Fluc cells. (A). Fluc activity of MSC-Tet-TK/Fluc cells treated with GCV for 48 h after induction with

and without DOX. (B) Fluc activity of MSC-TK/Fluc cells treated with GCV for 48 h. (C) Quantitation of the Fluc2 activity of MSC-Tet-TK/Fluc and MSC-TK/

Fluc cells. The values are expressed as the mean ± standard deviation (SD), of three individual experiments and measurements. * indicates significance

level at *p<0.05, **p<0.01., ***p<0.001 (by Student’s t test).

https://doi.org/10.1371/journal.pone.0181318.g005
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In co-cultures of MSC-TK/Fluc cells and CAL62/Rluc cells, the Rluc activity decreased, being

62, 43, 32, 24, 16 and 13% of control (p< 0.01, 0.001) respectively at 0.25 μM to8 μM GCV

respectively (Fig 6C and 6D).

In parallel, we also measured Fluc activity derived from the MSC-Tet-TK/Fluc cells in these

co-cultures. In DOX treated co-cultures, Fluc activity was 59% of control and 35% of control

at 0.25 μM and 8 μM GCV, respectively, demonstrating the expected activity of the Tet-On

HSV1-TK/GCV suicide system (Fig 7A) in these DOX treated cells; basal Fluc activity was

observed in the untreated co-cultures. Similarly, we also measured Fluc activity derived from

the MSC-TK/Fluc cells in their co-culture. Fluc activity was 87% of control and 51% of control

at 0.25 μM and 8 μM GCV, respectively (p< 0.05, 0.01) (Fig 7B).

Furthermore, we also confirmed the bystander effect by examining morphological changes.

The bystander effect was evident in co-cultures using both MSC-Tet-TK/Fluc and MSC-TK/

Fig 6. Bystander effect of suicide gene transduced cells. (A) Rluc activity of CAL62/Rluc cells co-cultured with naïve MSCs (1:1) followed by GCV

treatment (0.25 to 8μM) for 48 h. (B) Rluc activity of CAL62/Rluc cells co-cultured (1:1) with MSC-Tet-TK/Fluc cells followed by GCV treatment for 48 h, with

and without DOX (2 μg/mL) treatment (C) Rluc activity of CAL62/Rluc cells co-cultured (1:1) with MSC-TK/Fluc cells after GCV treatment for 48 h. The

values are expressed as the means ± standard deviation (SD), of three individual experiments and measurements. * indicates significance level at *p<0.05,

**p<0.01., ***p<0.001 (by Student’s t test).

https://doi.org/10.1371/journal.pone.0181318.g006
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Fluc cells following GCV treatment. Although some cells remained attached to the plate, many

of them had altered morphology with evidence of cell shrinkage and many cells had the

appearance of thin and elongated cytoplasm, both of which are morphological characteristics

of non-viable cells (S3B and S3C Fig). From these results, we confirmed that the therapeutic

suicidal gene, either with or without the Tet-On system, in engineered MSC cells, has a signifi-

cant bystander effect.

MSC-Tet-TK and MSC-TK decrease in vivo Rluc activity of anaplastic

thyroid cancer cell

To confirm the therapeutic efficiency of MSC-Tet-TK and MSC-TK cells in in vivo model, we

performed the modified in vivo experiment. We found that GCV treatment significantly

(p<0.05) decreased the Rluc activity of anaplastic thyroid cancer cells (CAL62/Rluc) in

MSC-Tet-TK and MSC-TK co-injected site (right) compared than MSC co-injected (left) site

(Fig 8A and 8B). Therefore, suicide gene based therapy may be useful for anaplastic thyroid

cancer.

Fig 7. Fluc activity of MSC-Tet-TK/Fluc and MSC-TK/Fluc cells. (A) Fluc2 activity of MSC-Tet-TK/Fluc cells co-cultured (1:1) with CAL62/Rluc cells and

treated with GCV for 48 h. (B) Fluc2 activity of MSC-TK/Fluc cells co-cultured (1:1) with CAL62/Rluc cells and treated with GCV for 48 h. The values are

expressed as the mean ± standard deviation (SD), of three individual experiments and measurements. * indicates significance level at *p<0.05, **p<0.01.,

***p<0.001 (by Student’s t test).

https://doi.org/10.1371/journal.pone.0181318.g007
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Discussion

The efficacy of MSCs from various sources, that have been engineered with genes appropriate

for an enzyme-prodrug approach for cancer therapy, has been reported in several preclinical

studies [12, 31, 32]. In the current study, we developed MSCs with a tetracycline inducible

Fig 8. Rluc activity of CAL62/Rluc cells after therapeutic genes co-injected with CAL62/Rluc cells with and

without DOX and GCV for four days treatment. (A) BLI of Rluc activity and quantitative Rluc activity of MSC-Tet-

TK group. CAL62/Rluc cells co-injected with MSC (Left) and MSC-Tet-TK (Right). (B) BLI of Rluc activity and

quantitative Rluc activity of MSC-TK group. CAL62/Rluc cells co-injected with MSC (Left) and MSC-TK (Right) side

of the mice. Three mice data’s were presented as means ± standard deviation (SD). The P value <0.05 was

considered statistically significant by Student t-test.

https://doi.org/10.1371/journal.pone.0181318.g008
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therapeutic moiety (HSV1-TK) along with a reporter system that could be monitored using

bioluminescent imaging. In addition, the therapeutic effect of MSCs on ATC was also

confirmed.

In order to develop successful cell-based cancer therapies, non-invasive imaging methods

to monitor both therapeutic cells and target cells are essential. For example, molecular imaging

has been successfully used for monitoring of administered cells and tumors in living animals

[7, 22, 33]. In this study, we generated MSCs harboring the therapeutic gene HSV1-TK, and

the expression of this gene was tightly linked to the expression of reporter genes, eGFP and

Fluc. Therefore, the expression of HSV1-TK could be monitored by measuring reporter expr-

ession. We generated MSCs that expressed HSV1-TK under the control of the Tet-On system

(Fig 1) as well as MSCs that stably expressed HSV1-TK (Fig 2). The expression of HSV1-TK

was successfully monitored in both cell types based on Fluc activity after administration of D-

luciferin. Furthermore, an anaplastic thyroid cancer cell line, CAL62, (S1 Fig) was successfully

transduced with a double-fusion reporter gene (mCherry-Rluc); therefore, tumor progression

could potentially be visualized with BLI using coelenterazine as a luciferase substrate [7, 34]. In

our study, the dual luciferase approach for imaging was successfully established for simulta-

neous monitoring of therapeutic gene expression in MSC-Tet-TK/Fluc cells and to assess the

therapeutic effects of MSCs in conjunction with GCV treatment (Fig 6B).

Both infinite proliferation and decreased cell death are characteristics of cancer cells. ATC

demonstrates local invasion and metastasis to the lung, lymph nodes, and other tissues, and

therefore, the mortality rate is very high [35]. In this study, we reported that the Tet-On suicide

gene system in MSCs successfully exhibited a bystander effect after induction with DOX and

with GCV treatment, which could potentially be used for the treatment of thyroid cancer.

After GCV treatment (8 μM, 48 h), the Rluc bioluminescent signal dropped to 36% and 13% of

control (p< 0.01, 0.001 respectively) in co-cultures of either MSC-Tet-TK/Fluc or MSC-TK/

Fluc cells with the thyroid cancer cell line CAL62 expressing Rluc. This suggests that this

MSC-based suicide gene therapy tool inhibits thyroid cancer cell growth through a bystander

mechanism, using either MSC-Tet-TK/Fluc cells (Fig 6B) or MSC-TK/Fluc cells (Fig 6C) as

the source of the toxin. We also confirmed the therapeutic efficiency of MSC-Tet-TK and

MSC-TK in an in vivo model (Fig 8A and 8B).

Antitumor drugs are able to kill some types of cancer cells; however, antitumor drugs gen-

erally produce significant toxicity in normal organs, generate host morbidity, and induce treat-

ment related mortality [36–38]. Suicide gene therapy also generates systemic toxicity and

byproducts. Therefore, controlling suicide gene expression might be a valuable tool to prevent

side effects. Manipulating the expression of a suicide gene using an inducible system can block

the generation of the suicide protein before its arrival at the target tissue (for example a tumor);

therefore, suicide gene therapy utilizing an inducible system represent a safe choice among the

diverse treatment options for cancer treatment. The Tet-On system uses an E. coli gene regula-

tory system [39], and has several advantages for clinical applications [39, 40]; in addition, gene

expression can be easily regulated within the system. DOX induces gene expression in a dose-

dependent manner through the activation of the Tet-response element in cells harboring the

Tet-On system. Thus, the expression of a gene could be turned on after the arrival of therapeu-

tic cells to the cancer site, potentially avoiding systemic toxicity of the therapeutic agent. The

results from the present study suggest that the Tet-On/HSV1-TK/GCV system in MSCs

induces a bystander effect and is a feasible method for the treatment of thyroid cancer.

Our data also show that there is an obvious dose-dependent relationship between

HSV1-TK gene activity and DOX concentration in MSC-Tet-TK/Fluc cells and furthermore

(Fig 1B) gene expression decreases upon withdrawal of DOX for either 24 h or 48 h (S2 Fig); in

this study, we selected the DOX concentration with maximum induction ability namely 2 μg/
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mL. These results indicate that HSV1-TK expression might selectively enhance the sensitivity

of ATC cells to GCV in vitro, in agreement with other reports suggesting that the Tet-On sys-

tem exhibits high activity after induction, but low basal transcriptional activity [41]. The bene-

fits of MSCs for cancer treatment are controversial as MSCs can also play a positive role in

cancer progression depending on the cellular context [42, 43]. MSC cells expressing the

HSV1-TK gene after DOX induction should theoretically be eradicated by administration of

GCV; therefore, MSC-related adverse effects could be avoided. Thus, our system might be a

safe alternative strategy for the treatment of human ATC.

Genetically engineered MSCs expressing HSV1-TK have the ability to inhibit the growth of

cancer cells in both in vitro and in vivo tumor models [7, 44–46]. With our engineered MSCs,

the expression of HSV1-TK can be easily monitored by reporter genes and controlled by DOX,

and furthermore these engineered MSCs induce a bystander effect in ATC cells. The advantages

of the Tet-On reporter system will be helpful for developing MSC-based therapeutic gene ex-

pression systems that could reduce the adverse effects of gene-based therapies. The limitation of

this system is that the in vitro effects seen here might not be well mimicked in vivo. In the cell

culture medium, DOX directly affects every cell and therefore efficiently up regulates transgene

expression. However, in the in vivo situation responses response may not be so reproducible and

robust. There may be inherent animal-to-animal variation; the DOX concentration may also

vary owing to pharmacokinetic differences, such as biological half-life, across individuals, and

the factors affecting tumor penetration by DOX may be complex and perhaps vary from tumor

to tumor. Another limitation is that usually DOX is given through water, and mice have to drink

sufficient amount of water for optimal transgene expression. This may introduce another source

of complication. Immunogenicity against the transactivator protein of the tet-on inducible sys-

tem has been observed after adminstration of tet-on encoding vectors and it raises concerns

about the clinical value of the system [47, 48]. The immune responses against tet regulatory ele-

ments can evade immune system by modifying the activator fused with Gly-Ala repeat of the

Epstein–Barr virus Nuclear Antigen-1 protein [49]. Tet-off system also can be applied as a tetra-

cycline inducible system to escape from an intact immune system [48].

Conclusion

In this study, we successfully generated MSCs using the Tet-On HSV1-TK/Fluc system. Non-

invasive monitoring of HSV1-TK expression in the cells and the cytotoxic effect of the cells on

an anaplastic thyroid cancer cell line were successfully demonstrated. The novel platform of

dual optical molecular imaging, visualizing both therapeutic gene expression in therapeutic

cells and the cytotoxic effect on target cancer cells, might be useful for developing engineered

MSCs and monitoring the therapeutic effect of the cells simultaneously in vitro and in vivo.

Supporting information

S1 Fig. Characterization of transduced CAL62 cells, with double fusion (DF) proteins. (A)

Scheme for the lentiviral reporter gene containing mCherry and Rluc driven by the CMV pro-

moter. (B) Fluc activity and quantitative analysis of stably transduced CAL62 cells and rela-

tionship to cell number. (C) Transduced CAL62 cells are strongly positive for mCherry by

fluorescence microscopy (D) RT-PCR analysis of Rluc gene. (E) Detection of the Rluc protein

by western blot.

(TIF)

S2 Fig. Fluc activity after induction and withdrawal of DOX in MSC-Tet-TK-Fluc cells. (A)

Fluc activity in the presence of various concentrations of DOX after 24, 48, and 72 h measured
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using BLI imaging; quantitation of Fluc activity is expressed as fold change. (B) Time course of

Fluc activity following withdrawal of DOX 24 h after initial DOX induction. Remaining Fluc

activity was detected 24 and 48 h later by BLI imaging and quantitation of the Fluc activity is

expressed as fold change.

(TIF)

S3 Fig. In vitro analysis of MSC-Tet-TK/Fluc and MSC-TK/Fluc bystander killing of

CAL62 tumor cells after treatment with 8 μM GCV for 48 h. Image of (A) Untreated

MSC-Tet-TK/Fluc and CAL62/Rluc cells. (B) DOX treated MSC-Tet-TK/Fluc and CAL62/

Rluc cells. (C) MSC-TK/Fluc and CAL62/Rluc cells. All images were taken at 20x magnifica-

tion using fluorescence microscopy.

(TIF)
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