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Abstract

Glioblastoma is a malignant brain tumor with poor prognosis that rapidly acquires resistance
to available clinical treatments. The herpes simplex virus thymidine kinase/ganciclovir
(HSVtk/GCV) system produces the selective elimination of HSVtk-positive cells and is a
candidate for preclinical testing against glioblastoma via its ability to regulate proliferation
and differentiation. Therefore, in this study, we aimed to establish a plasmid encoding the
HSVik/GCV system driven by a glial fibrillary acidic protein (GFAP) promoter and verify its
possibility of neural differentiation of glioblastoma cell line under the GCV challenge. Four
stable clones—N2A-pCMV-HSVtk, N2A-pGFAP-HSVtk, U251-pCMV-HSVik, and U251-
pGFAP-HSVtk—were established from neuronal N2A and glioblastoma U251 cell lines. In
vitro GCV sensitivity was assessed by MTT assay for monitoring time- and dosage-depen-
dent cytotoxicity. The capability for neural differentiation in stable glioblastoma clones during
GCV treatment was assessed by performing immunocytochemistry for nestin, GFAP, and
BllI-tubulin. Under GFAP promoter control, the U251 stable clone exhibited GCV sensitivity,
while the neuronal N2A clones were nonreactive. During GCV treatment, cells underwent
apoptosis on day 3 and dying cells were identified after day 5. Nestin was increasingly
expressed in surviving cells, indicating that the population of neural stem-like cells was
enriched. Lower levels of GFAP expression were detected in surviving cells. Furthermore,
BllI-tubulin-positive neuron-like cells were identified after GCV treatment. This study estab-
lished pGFAP-HSVik-P2A-EGFP plasmids that successfully ablated GFAP-positive glio-
blastoma cells, but left neuronal N2A cells intact. These data suggest that the neural
differentiation of glioblastoma cells can be promoted by treatment with the HSVtk/GCV
system.
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Introduction

Glioblastoma is a devastating, uniformly lethal primary brain tumor. The standard treatment
for glioblastoma is surgery followed by radiotherapy and chemotherapy, but tumor recurrence
is observed in most patients [1]. In fact, the median survival time for patients is only 12-15
months, despite undergoing the maximum treatment [2]. A contributor to the tumor reoccur-
rence is a cell population with cancer stem cell properties present in glioblastoma.

Previous studies revealed that malignant tumors are initiated by a population of tumor cells
sharing similar biological properties with normal adult stem cells [3, 4]. These tumor cells,
known as cancer stem cells, have self-renewal phenotypes, which may be the cause of resis-
tance to the current standard care of concomitant chemoradiotherapy [5]. Treatment with
anticancer drugs and irradiation can cause cancer cells to die by apoptosis, but cancer stem
cells can survive and are related to cancer recurrence [6, 7]. Therefore, controlling the prolifer-
ation and differentiation of cancer stem-like cells is a key factor in controlling malignant can-
cer [4, 8, 9]. Inducing differentiation and apoptosis of cancer stem cells offers a promising
strategy for the management and eradication of different types of cancers [10]. Similarly, regu-
lating the differentiation of glioma cells has been suggested as a strategy for controlling glio-
blastoma [11]. Recent research revealed that glioma-initiating cells (GIC) isolated from human
glioblastoma differentiated and increased their radiosensitivity when treated with rapamycin
[12]. In addition, autophagy was suggested to play an essential role in the regulation of self-
renewal, differentiation, and tumorigenicity of GIC [13].

Ganciclovir (GCV) is an antiviral medication used to treat infections from the herpes fam-
ily. GCV is first phosphorylated to GCV monophosphate by a viral kinase encoded by the cyto-
megalovirus (CMV) gene. Afterwards, GCV is metabolized to the triphosphate form by
guanylate kinase and phosphoglycerate kinase. GCV-5'-triphosphate inhibits the replication of
viral DNA. This inhibition includes a selective inhibition of the viral DNA polymerase and
leads to disruption of DNA synthesis and inhibition of cell proliferation [14-16]. Since the her-
pes simplex virus thymidine kinase (HSVtk)/GCV system produces selective elimination of
HSVtk-positive cells, it has been used in a clinical gene therapy trial as a therapeutic gene to
kill cancer cells. Several tumor cell lines, including sarcoma, melanoma, and colon carcinoma,
displayed sensitivity to this suicide gene approach [17]. This gene therapy has also shown
potential as a treatment for cervical cancer [18] and gastrointestinal cancer [19]. Besides, neu-
ral stem/progenitor cells derived from human induced pluripotent stem cells (hiPSCs) with
the HSV-TK/GCV suicide gene system showed prolonged survival time and the bystander kill-
ing in an orthotopic xenograft mouse model of glioblastoma upon GCV treatment. However,
stable constitutive gene expression of HSV-TK was highly cytotoxic and difficult to sustain in
hiPSCs and the recurrence occurred 2-3 weeks after GCV treatment [20].

As mentioned, HSVtk-positive cells can be selectively ablated by the HSVtk/GCV system.
However, controlling HSVtk expression in mammalian cells is also essential to avoid any influ-
ence on other nontarget cell populations. For this purpose, the delivery of the HSVtk/GCV sys-
tem using embryonic stem cells is a possible approach. Embryonic stem cells have the
potential for use in cell replacement therapies, but the transplantation of differentiated cells
harbors the risk of teratoma formation. This problem was overcome by establishing a negative
selection system that permitted selective removal of undifferentiated stem cells [21]. The
HSVtk gene under the control of the Oct4 promoter allowed the destruction of undifferenti-
ated embryonic stem cells by GCV treatment and provided a pure population of completely
differentiated cells [22]. The HSVtk/GCV system has been used to ablate undifferentiated
cells, but the possibility that it could be used to ablate an unwanted differentiated lineage is still
not clear.
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Glial fibrillary acidic protein (GFAP), a type III intermediate filament protein, is expressed
mainly in astroglia [23, 24], and its expression is increased upon maturation of astrocytes [25].
The GFAP promoter is a 2.2-kb promoter region of the GFAP gene that drives astrocyte-spe-
cific expression and regulates the development of astrocytes and CNS physiology [26, 27]. Pre-
vious study showed that the HSV-TK gene driven by human GFAP promoter could selectively
kill glioma cell lines [28], but did not investigated the possible ability of neural differentiation
under GCV treatment. Therefore, the aims of this study were to establish a recombinant plas-
mid vector bearing the HSVtk/GCV suicide system driven by a GFAP promoter to ablate
GFAP-positive tumor cell lines selectively, and to characterize the possible neural differentia-
tion of glioblastoma under GCV challenge.

Materials and methods
Plasmid construction

P2A, a 66-bp self-cleaving peptide, was synthesized by oligos annealing with restriction
enzyme cutting sites EcoRI at the 5'-end and Sall at the 3'-end. The forward oligo was 5'-GAA
TTCGGAAGCGGAGCTACTAACTTCAGCCTGCTGAAGCAGGCTGGAGACGTGGAGGAGAAC
CCTGGACCT-3' and the reverse oligo was 5'~GTCGACAGGTCCAGGGTTCTCCTCCACG
TCTCCAGCCTGCTTCAGCAGGCTGAAGTTAGTAGCTCCGCTTCC-3'. Next, 100 uM of for-
ward and reverse primers were dissolved in annealing buffer (100 mM KOAc, 30 mM
HEPES-KOH, 2 mM MgOAc) and annealed in a thermo-cycler (95°C for 4 minutes, 70°C for
10 minutes, 37°C for 20 minutes, and 10°C for 5 minutes at the end). The P2A oligo was then
subcloned into pEGFP-N3 (Clontech Laboratories, Mountain View, CA, USA) at restriction
enzyme sites: EcoRI at the 5'-end and Sall at the 3’-end. After pEGFP-N3-P2A was con-
structed, HSVtk was inserted upstream of P2A. The clone with a full-length 1131-bp HSVtk
was purchased from Addgene (Cat. #pTGB008, Addgene, Watertown, MA, USA). The primers
used to clamp HSVtk were 5'-CTGCTCGCCGGGATCCATGGCTTCGTACCCCTGC-3" and 5'-
CCATGGTGGCGTCGACAGGTCCAGGGTTCTCCTC-3'. An In-Fusion® HD cloning kit
(Clontech Laboratories, Cat. #011614) was used to fuse HSVtk and linearized pEGFP-N3-P2A
with Xhol at the 5'-end and EcoRI at the 3’-end. The sequences of P2A and HSVtk were
checked by DNA sequencing provided by Genomics Inc. (New Taipei City, Taiwan) and con-
firmed in frame. The plasmid pCMV-HSVtk-P2A-EGFP was constructed and confirmed by
DNA sequencing.

After pPCMV-HSVtk-P2A-EGFP was constructed, the CMV promoter was replaced by the
GFAP promoter to construct pPGFAP-HSVtk-P2A-EGFP. Plasmid pAAV-GFAP-hChR2
(H134R)-mCherry with a full-length 2207-bp GFAP promoter was purchased from Addgene
(Cat. #27055, RRID: Addgene_27055). The GFAP promoter region was clamped by a forward
primer 5'-GGACTCAGATCTCGAGCCCACCTCCCTCTCTGTG-3' and a reverse primer 5'-
GATCCCGGGCCCGCGGAGGTCCAGGGTTCTCCTC-3'. An In-Fusion HD® cloning kit was
used to fuse the GFAP promoter and linearized pCMV-HSVtk-P2A-EGFP together. The
sequence of the GFAP promoter was confirmed by DNA sequencing provided by Genomics,
Inc.

Cell culture

The NIH/3T3 cell line (American Type Culture Collection [ATCC], CRL-1658", Manassas,
VA, USA, RRID: CVCL_0594), a mouse fibroblast cell line, was cultured in Dulbecco modified
Eagle medium (DMEM; Gibco®), Cat. #11962-092, Waltham, MA, USA) supplemented with
10% fetal bovine serum (FBS; qualified, Gibco®), Cat. #6140-079,) and 1% antibiotic-antimy-
cotic solution (Anti-anti; Gibco®), Cat. #15240-062). The Neuro-2A (N2A) cell line (ATCC,
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CCL-131™, RRID: CVCL_0470), derived from a spontaneous neuroblastoma tumor of a strain
A albino mouse, and the U251 cell line (Sigma-Aldrich, Cat. #09063001, St. Louis, MO, USA,
RRID: CVCL_0021), derived from a malignant glioblastoma tumor, were cultured separately
in Minimum Essential Medium o (MEM o, Gibco®), Cat. #12571-063) supplemented with
10% heat-inactivated FBS (Gibco®), Cat. #6140-079), 1% of nonessential amino acid
(Gibco®), Cat. #11140-050), and 1% Anti-anti (Gibco®), Cat. #15240-062). All cell lines were
seeded onto cell culture dishes (Corning, New York, NY, USA) and maintained in a 37°C
humidified incubator with 5% CO,. Medium was refreshed every 2~3 days.

Plasmid transfection and promoter expression level assay followed by
stable cell clone selection

NIH/3T3 and U251 cells (1 x 10°) were seeded on 12-well cell culture plates 1 day before plas-
mid transfection. In this experiment, Lipofectamine® LTX with PLUS™ reagents (Invitrogen™,
Cat. #15338, Waltham, MA, USA) were used. Both NIH/3T3 and U251 cell lines were trans-
fected with 2 pug of pPCMV-HSVtk-P2A-EGFP or pGFAP-HSVtk-P2A-EGFP plasmid. Since
the transfection efficiency of the two plasmids into N2A cells was low using Lipofectamine,
N2A cells were transfected using the Neon®) electroporation transfection system (Thermo
Fisher Scientific, Cat. #MPK5000, Waltham, MA, USA) and cell density was increased to

5 x 10° cells/ml. Before transfection, N2A cells were trypsinized to individual cells dissolved in
buffer R, and 2 pug of p>CMV-HSVtk-P2A-EGFP or pGFAP-HSVtk-P2A-EGFP plasmid DNA
were added. Electroporation parameters for N2A cells were 1200 V, 50 ms once. Cells were
reseeded into 12-well cell culture plates containing 1 ml electroporation transfection medium
per well.

To analyze the promoter expression level of pPCMV-HSVtk-P2A-EGFP and
pGFAP-HSVtk-P2A-EGFP between glial cell lines and neuron/fibroblast cell lines, the images
of transfected cells were acquired under an inverted fluorescence microscope (DM IRM HC;
Leica, Wetzlar, Germany). Cells that emitted strong green fluorescence were identified as suc-
cessfully transfected with promoter expression. The promoter expression level was calculated
as followed:

Promoter expression level = (the number of green fluorescent cells / total cell number under
phase image).

After transfection, 400 pg/ml G418 sulfate (Millipore, Cat. # 345810, Darmstadt, Germany)
was added to the medium to select successfully transfected U251 cells. G418 sulfate selection
lasted for 4 weeks and the cell population was also enriched by fluorescence-activated cell sort-
ing (FACS; BD Bioscience, BD FACSAria™ IlIu, San Jose, CA, USA). Thereby, the
U251-pCMV-HSVtk and U251-pGFAP-HSVtk stable clones were established. For N2A stable
clone selection, 500 ug/ml G418 sulfate were applied to transfected N2A cells. After 4 weeks of
G418 selection, surviving cells with green fluorescence of the N2A-pCMV-HSVtk cells were
enriched by FACS and surviving cells of N2A-pGFAP-HSVtk cells were selected. Thus, the
N2A-pCMV-HSVtk and N2A-pGFAP-HSV'tk stable clones were established for use in further
studies. After stable clones were established, G418 was still present for the maintenance of all
stable clone cells, but not in the experimental cells.

Western blot analysis

For protein extraction, cells were trypsinized and homogenized with radioimmunoprecipita-
tion assay buffer (RIPA buffer; Cell Signaling Technology, Cat. #9806, Danvers, MA, USA),

1 x phosphatase inhibitor (Roche Applied Science, Cat. #4906837001, Mannheim, Germany),
and 1 x protease inhibitor (Roche Applied Science, Cat. # 4693116001). Cell lysates were
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centrifuged at 14,000 rpm for 30 minutes at 4°C, and supernatant was collected. Protein sam-
ples with 1 x protein sample buffer were boiled at 97°C for 10 minutes and then placed onto
ice immediately. The prepared protein samples were stored at —20°C for further analysis. Pro-
tein samples (40 pg/lane) were resolved in 10% sodium dodecyl sulfate polyacrylamide gel elec-
trophoresis (SDS-PAGE), separated at 120 V for 2 hours, and transferred to polyvinylidene
fluoride (PVDF) membranes (Millipore, Molsheim, France) at 100 V for 90 minutes. Subse-
quently, the PVDF membrane with transferred proteins was blocked with a blocking buffer
(5% skim milk dissolved in 1 x Tris-buffered saline with Tween-20 [TBST]; 0.1% Tween-20 in
1 x TBS) for 1 hour at room temperature. After blocking, the PVDF membrane was incubated
with primary antibodies (see S1 Table) diluted in a blocking buffer overnight at 4°C. After
washing, the PVDF membrane was incubated with horseradish peroxidase (HRP)-conjugated
secondary antibodies diluted in 1 x TBST at room temperature for 1 hour. Detection of the
protein signals was performed with enhanced chemiluminescence (MaestroGen, Hsinchu
City, Taiwan) and the luminescence signal was detected using the UVP AutoChemi Image Sys-
tem. The western blot images were further quantified by ImageJ software (n = 3) and B-actin
served for protein normalization in all groups.

In vitro GCV sensitivity assay

Stable clone cells (1.5 x 10*) were seeded in 12-well cell culture plates. Cells were incubated for
12 hours for cell adhesion and treated with 0, 1, 5, or 10 pg/ml GCV for 5 days. After treat-
ment, cells were placed in serum-free media containing 5 pg/ml MTT (Thiazolyl Blue Tetrazo-
lium bromide; Sigma-Aldrich®), Cat. #M5655) and incubated at 37°C for 1 hour. The purple
crystals formed by the cells were dissolved in dimethyl sulfoxide (DMSO; Sigma-Aldrich®),
Cat. #D8418). The level of cell viability was determined by measuring the absorbance at 550
nm with an ELISA reader (ELx808; BioTek, Winooski, VT, USA).

Staining for cell death

Propidium iodide (PI)/Hoechst 33342 co-staining. U251-pCMV-HSVtk or
U251-pGFAP-HSVtk cells (1.5 x 10*) were seeded onto poly-L-lysine-coated 18-mm round
coverslips in 12-well culture plates. After 12 hours of cell-adhesion, cells were treated with
5 pg/ml of GCV for 1, 3, 5, and 7 days. Treated cells were washed by 1 x DPBS and fixed using
4% paraformaldehyde (Sigma-Aldrich, Cat. #158127). Specimens were incubated in a nuclear
dye of PI (Sigma-Aldrich, Cat. #4170)/Hoechst 33342 (Thermo Fisher Scientific, Cat. #62249)
mixture diluted in 1 x PBS for 5 minutes, washed three times in 1 x PBS, and mounted with
Fluoro-Gel (Electron Microscopy Sciences, Cat. #17985-10, Hatfield, PA, USA).

Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay. The
TUNEL assay was performed with a cell death detection kit (Roche Applied Science, Cat. #
11684795910) to detect DNA fragmentation generated during apoptosis. For cell apoptosis
analysis, 1.5 X 10* U251-pGFAP-HSVtk cells were treated with GCV for 3 days, as described.
H,0, (10 puM) was added to induce apoptosis in the positive control groups. All images were
acquired using a DMR fluorescence microscope (Leica) and a LSM880 confocal microscope
(Carl Zeiss, Oberkochen, Germany).

Immunocytochemistry for nestin, GFAP, and BIII-tubulin

U251-pCMV-HSVtk or U251-pGFAP-HSV'tk cells (1.5 x 10*) were seeded onto poly-L-lysine-
coated 18-mm round coverslips in 12-well culture plates. After 12 hours of cell-adhesion, cells
were treated with 5 ug/ml of GCV for 1, 3, 5, and 7 days. Cells were fixed with 100% methanol
and 4% paraformaldehyde and blocked with 1% of FBS in phosphate buffer saline with 0.1%
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Triton X-100 (PBS-T) for 1 hour. Thereafter, cells were incubated with primary antibodies
(see S1 Table) in blocking buffer at 4°C overnight. Cells were then incubated in fluorescent-
labeled secondary antibodies (see S1 Table) for 1 hour at room temperature. Specimens were
mounted with Fluoro-Gel (Electron Microscopy Sciences). Fluorescent images were acquired
using a Carl Zeiss LSM880 confocal microscope. Photomicrographs were adjusted both in
contract and brightness and merged using Photoshop software (Adobe, Mountain View, CA,
USA, RRID: SCR_014199).

Survival rate and differentiation rate of U251-pGFAP-HSVtk and U251-pCMV-HSVtk
were determined by quantifying five randomly selected fields of confocal images from each
immunostaining. Survival rate were determined by calculating the number of Hoechst-positive
cell nuclei on each treatment day compared with those on day 0. The ratio of nestin, GFAP,
and BIII-tubulin positive cells in all viable cells (Hoechst-positive cells) were calculated as dif-
ferentiation rates of U251-pGFAP-HSVtk and U251-pCMV-HSVtk.

Establishment and analysis of recovery of U251-pCMV-HSVtk and
U251-pGFAP-HSVtk subclones

After treatment with 5 ug/ml of GCV for 7 days, U251-pCMV-HSVtk and
U251-pGFAP-HSVtk cells were supplemented with fresh growth medium for 3 days. The
remaining cell populations were regarded as recovery subclones. Subsequently, PI/Hoechst
33342 staining was performed to investigate this cell population. In addition, immunocyto-
chemistry of BIII-tubulin, GFAP, and nestin were conducted to study the expression patterns
of neural markers in the recovery cell subclones.

Statistical analysis

GraphPad Prism®) 4.0 software (GraphPad Software, La Jolla, CA, USA, RRID: SCR_002798)
was used to analyze the data. When comparing two conditions, a t-test was performed, with a
p value < 0.05 regarded as statistically significant. All data were expressed as mean + standard
error of the mean (SEM).

Results

Plasmid design and the specificity of the CMV promoter and the GFAP
promoter in various cell lines

HSVtk and P2A were subcloned into pEGFP-N3, and named as pCMV-HSVtk-P2A-EGFP, to
serve as a positive control vector in which the HSVtk and the reporter gene EGFP were sepa-
rately expressed (S1A Fig). P2A, a self-cleavage peptide, played a role similar to an IRES, but
was shorter with higher cleavage efficiency. Therefore, the HSVtk and EGFP sequences could
be cleaved after translation and would become individual proteins with the assistance of P2A.
Based on the design of pPCMV-HSVtk-P2A-EGEFP, the experimental plasmid, pGFAP-HSVtk-
P2A-EGFP, was cloned (S1B Fig). The CMV promoter was replaced by the GFAP promoter,
the DNA for which was amplified from a pAAV-GFAP-hChR2(H134R)-mCherry plasmid
and cloned into Asel-Xhol restriction sites using an In-Fusion cloning kit.

To examine further the promoter specificity of pPCMV-HSVtk-P2A-EGFP and
pGFAP-HSVtk-P2A-EGFP in non-glial and glial cell lines, transient transfection into three
cell lines—NIH-3T3 (mouse fibroblast cell line), N2A (mouse neuroblastoma cell line), and
U251 (human glioblastoma cell line)—was conducted, and green fluorescent cells were ana-
lyzed on day 2 (Fig 1). A high proportion of cells containing green fluorescence were detected
in all three cell lines transfected with pCMV-HSVtk-P2A-EGFP (Fig 1A, 1C and 1E).
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Fig 1. Expression levels of CMV and GFAP promoters in non-glial and glioblastoma cell lines. (A) Three cell lines—NIH-3T3, N2A, and U251—were
transiently transfected with pPCMV-HSVtk-P2A-EGFP or pGFAP-HSVtk-P2A-EGFP, and EGFP-positive cells were observed under an inverted fluorescence
microscope. (B) NIH-3T3 had a strong expression level when transfected with the control plasmid, pPCMV-HSVtk-P2A-EGFP. No NIH-3T3 cells expressed
EGFP when transfected with pGFAP-HSVtk-P2A-EGFP. (C) A strong EGFP expression level was detected in N2A cells transfected with pCMV-HSVtk-
P2A-EGFP. (D) Very few EGFP-positive cells were identified in N2A cells transfected with pPGFAP-HSVtk-P2A-EGFP. Many EGFP-positive cells were
observed in U251 cells transfected with pPCMV-HSVtk-P2A-EGFP (E) or pPGFAP-HSVtk-P2A-EGFP (F). Scale bar, 200 um. (G) The proportion of EGFP-
positive cells from all live cells was calculated as the expression level of the promotors (n = 5). There was no significant difference in the expression level of

NIH-3T3, N2A, and U251 cell lines when transfected with pCMV-HSVtk-P2A-EGFP. By contrast, the expression level of pPGFAP-HSVtk-P2A-EGFP was
significantly higher in U251 cells than in NIH-3T3 or N2A cells.

https://doi.org/10.1371/journal.pone.0253008.9001

However, non-glial (NIH-3T3 and N2A) and glial (U251) cell lines displayed different expres-
sion levels after transfection with pGFAP-HSVtk-P2A-EGFP. Very few EGFP-positive cells
were detected when NIH-3T3 and N2A cells were transfected with pGFAP-HSVtk-P2A-EGFP
(Fig 1B and 1D). By contrast, many U251 cells expressed green fluorescence when transfected
with pGFAP-HSVtk-P2A-EGFP (Fig 1F). All images were quantified by counting EGFP-posi-
tive cell numbers (Fig 1G). There was no significant difference in the number of EGFP-positive
cells when pCMV-HSVtk-P2A-EGFP was transfected into the NIH-3T3, N2A, and U251 cell
lines. However, after transfection with pGFAP-HSVtk-P2A-EGEFP, the glioblastoma cell line,
U251, had a higher proportion of green fluorescent cells (62.80+3.84%) than did NIH-3T3 and
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N2A cells (0.36+0.31% and 2.31£1.01% of EGFP-positive cells, respectively). These data on
promoter specificity suggest that a large proportion of glia cells, but not neurons and fibro-
blasts, could be specifically targeted by a vector under the control of the GFAP promoter.

Establishment of the stable clones and characterization of their HSVtk
expression levels

To produce stable clones that constitutively expressed HSVtk, 500 ug/ml and 400 pg/ml of
G418 were applied to N2A and U251, respectively. During 14 days of selection, cells with a
strong EGFP signal formed colonies, which were isolated and amplified for further FACS
enrichment. Cells that expressed strong green fluorescence were sorted and further enriched
by cell sorting and regarded as candidates for stable clones. There was no significant difference
in the morphology or cell doubling time between parent cells and the transfected cells used in
this selection. We established four stable clones—N2A-pCMV-HSVtk, N2A-pGFAP-HSVtk,
U251-pCMV-HSVtk, and U251-pGFAP-HSVtk—for use in subsequent experiments, as
described below.

To verify the protein expression of these stable clones, the levels of HSVtk protein expres-
sion were determined by western blot (S2 Fig). Stable levels of cytosolic HSVtk protein were
observed in N2A-pCMV-HSVtk cells within 4 weeks, while no protein was detected in N2A
parent cells (S2A Fig). Since the GFAP promoter would not be driven in neuronal cells, no
protein was detected from week 1 to week 4 in N2A-pGFAP-HSVtk cells (S2C Fig). By con-
trast, stable U251 clones displayed high-yielding HSVtk protein signals under CMV (S2B Fig)
and GFAP (52D Fig) promoter control. This examination of HSVtk expression levels indicated
that the four stable clones were successfully established.

In vitro GCV sensitivity assays for stable clones treated for 5 days

To investigate the sensitivity of the stable clones to GCV and determine the optimal working
concentration for all cell lines, the cell viabilities in different GCV concentrations were tested.
All stable clones were treated with 0, 1, 5, or 10 ug/ml GCV for 5 days, and then an MTT assay
was performed to evaluate cell viabilities. Live-cell phase images and immunocytochemistry
were used to examine cell morphology and EGFP expression. Phase images collected using an
inverted microscope revealed that N2A parent cells (Fig 2A-2D) and transfected N2A-
pGFAP-HSVtk cells (Fig 2E-2H) remained intact and maintained more than 90% cell viabil-
ity. N2A-pCMV-HSVtk was the only group in which the cell number decreased in a dose-
dependent manner (Fig 2I-2L). Furthermore, green fluorescence was still detectable in the sur-
viving cells, even after treatment with 10 pug/ml GCV. Similar results were obtained from the
MTT assay analysis, and N2A-pCMV-HSVtk was the only stable clone affected by GCV, with
only 9.90+1.04% of the cells remaining after 10 ug/ml GCV treatment (Fig 2M). These results
indicate that only N2A-pCMV-HSVtk cells were sensitive to GCV, since N2A parent cells and
transfected N2A-pGFAP-HSVtk cells do not express HSVitk.

U251 parent cells sustained their proliferation in the presence of treatment with different
concentrations of GCV (Fig 3A-3D). The number of both U251-pGFAP-HSVitk cells (Fig 3E-
3H) and U251-pCMV-HSVtk cells (Fig 31-3L) decreased in a dose-dependent manner as the
GCV concentration increased. In spite of decreasing cell number, all remaining cells expressed
EGFP and gradually rounded-up at higher GCV dosages (Fig 3H and 3L). The MTT assay
analysis demonstrated that the cell viability of both U251-pGFAP-HSVtk (22.92+1.90%) and
U251-pCMV-HSVtk (41.24+8.74%) cells after 5 pg/ml GCV treatment decreased to about
23% and 42%, respectively, of the control group not subjected to GCV treatment (98.13
+4.02%) (Fig 3M), indicating that both U251-pGFAP-HSVtk and U251-pCMV-HSVtk cells
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Fig 2. Sensitivity of N2A stable clones to GCV. (A-L) N2A, N2A-pGFAP-HSVtk, and N2A-pCMV-HSVtk cells were treated separately with 0, 1, 5, or 10 pg/
ml of GCV for 5 days, and their live-cell phase images or fluorescent images were captured. (M) An MTT assay was performed to detect their cell viability
under GCV challenge (n = 3). The morphology of N2A parent cells (A-D) and N2A-pGFAP-HSVtk cells (E-H) remained intact and their cell viability was
maintained above 90%. (I-L) The number of N2A-pCMV-HSVtk cells was decreased in a dose-dependent manner. In addition, green fluorescent cells were
still detectable among the surviving cells even after treatment with 10 ug/ml of GCV. (M) The results of the MTT assay for these three groups were consistent
with the imaging results. Scale bar, 200 um.

https://doi.org/10.1371/journal.pone.0253008.9002
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Fig 3. Sensitivity of U251 stable clones to GCV. U251, U251-pCMV-HSVtk, and U251-pGFAP-HSVtk cells were
treated with 0, 1, 5, or10 pg/ml of GCV for 5 days. (A-D) Live-cell phase images of U251 parent cells displayed no
cytotoxicity up to 10 pg/ml of GCV. (E-H) Live-cell phase images and confocal images of immunocytochemistry of
U251-pGFAP-HSVitk revealed decreased cell numbers as the GCV concentration increased. (I-L) Live-cell phase
images and confocal images of immunocytochemistry of the positive control cell clone, U251-pCMV-HSVtk, revealed a
similar pattern with U251-pGFAP-HSVtk. (H, L) Some green fluorescent cells were detected to have undergone cell
shrinkage when U251-pGFAP-HSVtk and U251-pCMV-HSVtk cells were treated with 10 pug/ml of GCV. (M) Cell
viability detected by MTT assay (n = 3) demonstrated that both U251-pGFAP-HSVtk and U251-pCMV-HSVtk cells
were sensitive to GCV. Scale bars, 200 um or 50 m, as indicated.

https://doi.org/10.1371/journal.pone.0253008.9003

were sensitive to GCV. Furthermore, U251-pCMV-HSVtk cells, as a control for all the stable
clones, reached LDs at 5 pig/ml GCV treatment. Therefore, the optimal dosage of GCV chosen
for ablating stable clones in subsequent experiments was 5 pg/ml.

In summary, the experimental stable clone, U251-pGFAP-HSV1tk, and the positive-control
stable clone, U251-pCMV-HSV1k, displayed a dose-dependent response to GCV, while only
N2A-pCMV-HSVtk was sensitive to GCV. N2A-pGFAP-HSV1k cells remained intact because
the GFAP promoter would not be expressed in N2A neuronal cells. These data demonstrate
that the GFAP promoter can specifically drive the HSVtk/GCV system and selectively ablate
glioblastoma cell lines, while keeping neuronal cell lines intact.

Cell apoptosis assays and cell viability assay after GCV treatment

A previous study demonstrated that the HSVtk/GCV system triggered cells to undergo apo-
ptosis rather than necrosis [29]. Therefore, we investigated whether the apoptotic pathway was
activated in the cell lines treated with GCV and performed the TUNEL assay which can iden-
tify DNA nicks resulting from apoptotic signaling cascades (S3 Fig). Only cells that were both
TUNEL- and Hoechst-positive, displayed condensed nuclei, and were magenta-colored in
merged confocal images were considered apoptotic cells. In the GCV-treated group, apoptotic
cell nuclei with TUNEL- and Hoechst-positive signals were identified (S3A-S3C Fig) and dis-
played a rounded and bulging morphology in differential interference contrast (DIC) images
(S3D Fig). All cell nuclei in the positive control group were TUNEL- and Hoechst-positive
(S3G Fig), whereas those in the negative control group displayed only Hoechst staining (S3K
Fig). These results further indicate that the death of U251-pGFAP-HSVtk cells induced by 3
days of GCV treatment was via apoptosis.

To identify dead cells and evaluate cell viability, U251-pCMV-HSVtk and
U251-pGFAP-HSVtk cells treated with GCV for 7 days were subjected to PI/Hoechst double
nuclear staining (S4 Fig). Very weak PI signals appeared in U251-pGFAP-HSVtk cells on day
3 (54C Fig), while cells with strong PI signals were detected on days 5 and 7 (54D and S4E
Fig). The condensed nuclei of these cells displayed double-positive PI and Hoechst staining
(54D and S4E Fig, arrows). PI signals were undetectable after GCV was withdrawn for 3 days
(S4F Fig). The control cell line, U251-pCMV-HSV1k, displayed similar results, with weak PI
signals by day 3 (541 Fig) and stronger signals from day 5 to 7 (54] and S4K Fig). No PI signals
were detected in cell nuclei after recovery (S4L Fig). In summary, U251-pGFAP-HSVtk cells
underwent apoptosis on day 3 and cells in a late apoptotic phase were identified by day 5 of
GCV treatment.

Pattern of nestin, GFAP, and BIII-tubulin expression in U251 stable clones
after GCV treatment

Enlargement and process extension of surviving (or survival) cells, which are morphological
features of cell differentiation, were observed in U251-pGFAP-HSVtk and
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U251-pCMV-HSVtk cells during GCV treatment. Therefore, immunocytochemical staining
for nestin, GFAP, and BIII-tubulin was performed to characterize the identity of the survival
cells in the U251-pGFAP-HSVtk (Fig 4) and U251-pCMV-HSVtk (Fig 5) groups. In addition,
cells in recovery subclones were also investigated to mimic recurrence after drug withdrawal.
Nestin, a stem cell marker, was used to identify neural stem cells. Only a trace of nestin signal
was detected on day 1 (Fig 4B) of GCV treatment, but cells with filamentous nestin expression
were detected from day 3 to day 7 (Fig 4C—4E) in U251-pGFAP-HSVtk cells. After 3 days of
recovery, recovered U251-pGFAP-HSVtk cells had strong nestin expression (Fig 4F). These
results indicate that cells with stem cell properties had more resistance to GCV and this popu-
lation of neural stem-like cells was enriched after GCV withdrawn. The expression of GFAP in
U251-pCMV-HSVitk cells gradually decreased during the 7 days of GCV treatment (Fig 4G-
4K), suggesting that cells with strong GFAP expression were eliminated by GCV treatment.
However, cells with weak GFAP expression might survive and resume proliferation after GCV
withdrawal; as a result, more cells with strong GFAP expression were observed in the recov-
ered cell population (Fig 4L). These results also confirmed that GFAP-positive glioblastoma
cells could be ablated by the HSVtk/GCV system controlled by the GFAP promoter.

For identification of neuronal differentiation, the expression of BIII-tubulin, a neuronal
marker, was investigated. Weak BIII-tubulin expression was detected by day 3 of GCV treat-
ment (Fig 40), and survival cells with strong BIII-tubulin expression in their processes were
detected on days 5 and 7 and in the recovery cell population (Fig 4P-4R). According to DIC
images, these BIII-tubulin-positive cells had elongated processes, rounded cell nuclei, and
bulging cell bodies, while other cells were smooth (Fig 4P'-4R’). This BIII-tubulin expression
indicated that neuron-like cells could be identified after 5 days of GCV treatment, and these
cells remained after recovery. In summary, U251-pGFAP-HSVtk cells had the ability to
undergo neural differentiation under the stress of GCV, and the recovered cells were enriched
with neural stem-like cells.

U251-pCMV-HSVik cells, which served as a positive-control, stable clone for
U251-pGFAP-HSVtk cells, were also immunostained for nestin, GFAP, and BIII-tubulin (Fig
5). Similar patterns of nestin, GFAP, and BIII-tubulin expression were identified in
U251-pCMV-HSVtk cells treated with GCV. Nestin-positive cells displayed better survivability
during GCV treatment (Fig 5D and 5E), and a neural stem-like subclone with strong nestin
expression was also enriched after recovery (Fig 5F). Decreasing GFAP expression was
observed in survival cells from day 1 to day 7 of GCV treatment (Fig 5G-5K). Neuron-like
cells, which were BIII-tubulin-positive, were identified after day 5 of GCV treatment and after
GCV withdrawal (Fig 5P-5R). These BIII-tubulin-positive cells also had elongated processes,
rounded cell nuclei, and bulging cell bodies, while other cells were smooth (Fig 5P'-5R’).

The survival rates and the expression ratio of the nestin-, GFAP-, and BIII-tubulin-positive
cells in the U251-pGFAP-HSVtk (Fig 6A) and U251-pCMV-HSVtk (Fig 6B) cell groups were
also determined by quantifying confocal images of the respective immunocytochemistry. Sur-
vival rates were determined by calculating the number of Hoechst-positive cell nuclei on each
day of treatment compared with day 0 (without GCV treatment). The ratio of the nestin-,
GFAP-, and BIII-tubulin-positive cells to all viable cells (Hoechst-positive cells) were calcu-
lated in U251-pGFAP-HSVtk and U251-pCMV-HSVtk cell groups during the 7 days of GCV
treatment (Table 1). The survival rate of both stable clones gradually decreased during GCV
treatment, but increased after GCV was withdrawn. Nestin-positive U251-pGFAP-HSVtk and
U251-pCMV-HSVtk cells increased during the GCV treatment and even after GCV with-
drawal. GFAP-positive U251-pGFAP-HSVtk and U251-pCMV-HSVtk cells decreased during
GCV treatment and increased after 3 days of recovery. The BIII-tubulin-positive cells increased
during GCV treatment and decreased after recovery. In summary, based on these results with
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Fig 4. Patterns of nestin, GFAP, and BIII-tubulin expression in U251-pGFAP-HSVtk cells. U251-pGFAP-HSVtk cells were treated with 5 pg/ml GCV for 7
days, and then GCV was withdrawn to allow cell recovery for 3 days. Immunocytochemistry of nestin (A-F), GFAP (G-L), and BIII-tubulin (M-R, M'-R’)
were performed to characterize the identity of surviving cells. The expression level of nestin was increased during 7 days of GCV treatment (A-E) and strong
expression of nestin was detected after recovery (F). (D-F) Filamentous expression of nestin was detected at day 5, day 7, and after recovery. (H-K)
U251-pGFAP-HSVitk cells with strong GFAP expression at day 0 (G) were gradually ablated during 7 days of GCV treatment. (L) After GCV was withdrawn
for 3 days, some cells expressed a high level of GFAP. (G-L) Filamentous GFAP could be found in cell processes and cell bodies. BIII-tubulin could not be
detected at day 0 and day 1 (M, N), and was observed weakly at day 3 of GCV treatment (O). (P-R) BIII-tubulin-positive cells were identified after 5 days of
GCYV treatment and recovery for 3 days. (M'-R’) In DIC images, BIII-tubulin-positive cells displayed elongated processes, rounded nuclei, and bulging cell
bodies, while BIII-tubulin-negative cells were smooth. Scale bar, 50 um.

https://doi.org/10.1371/journal.pone.0253008.g004

U251-pGFAP-HSVtk and U251-pCMV-HSVtk cells, we suggest that neural stem-like cells
with nestin expression are enriched after GCV treatment. Furthermore, a rapid decrease in the
GFAP-positive cell number was observed during the 5 days of treatment. Finally, BIII-tubulin-
positive neuron-like cells were detected after 3 days of GCV treatment.

Discussion

In this study, the GFAP promoter, an astrocyte-specific promoter, was used to restrict HSVtk
gene expression in the glioblastoma cell line, U251. The specificity of the GFAP promoter in
pGFAP-HSVtk-P2A-EGFP was confirmed by comparison with the control plasmid,
pCMV-HSVtk-P2A-EGFP. An extremely low number of EGFP-positive cells was detected
when NIH-3T3 and N2A cells were transfected with pGFAP-HSVtk-P2A-EGFP. A previous
study demonstrated that a different GFAP promoter could be expressed in various kinds of
cell lines, and the expression level of the GFAP promoter was 1.3% and 3.5% in N2A and NIH-
3T3 cell lines, respectively [30]. In addition, gene regulation studies have indicated that the
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Fig 5. Patterns of nestin, GFAP, and BIII-tubulin expression in U251-pCMV-HSVtk cells. U251-pCMV-HSVtk cells were treated with 5 pug/ml GCV for 7
days, and then GCV was withdrawn to allow for cell recovery for 3 days. Immunocytochemistry of nestin (A-F), GFAP (G-L), and BIII-tubulin (M-R, M'-R’)
was performed to characterize the identity of surviving cells. Increasing levels of nestin expression were detected during 7 days of GCV treatment (A-E), and
strong expression of nestin was detected after recovery (F). (D-F) Filamentous expression of nestin was observed at day 5, day 7, and after recovery.
U251-pCMV-HSVtk cells expressed GFAP strongly at day 0 (G), and then gradually decreased expression during 7 days of GCV treatment (H-K). (L) After
recovery for 3 days, increased expression of GFAP was observed in U251-pGFAP-HSVtk cells. (G-L) Filamentous GFAP expression was observed in cell
processes and cell bodies. (M-R) BIII-tubulin positive neuron-like cells could not be detected until day 5 of GCV treatment and after recovery for 3 days. (M'-
R’) DIC images also revealed that BIII-tubulin-positive cells had elongated processes, rounded cell nuclei, and bulging cell bodies, while other cells were
smooth. Scale bar, 50 um.

https://doi.org/10.1371/journal.pone.0253008.g005

promoter and its distal elements could engage in looping interactions [31]. Long-range inter-
actions between promoters and distal sites, including elements resembling enhancers, promot-
ers, and CCCTC-binding factor (CTCF)-bound sites interacted with elements located ~120 kb
upstream of the transcription start sites [32]. Furthermore, mammalian cells possess a high
activity of illegitimate recombination. When DNA is transfected into mammalian cells, illegiti-
mate recombination is a predominant pathway of integration of transfected DNA into the host
genome [33, 34]. Thus, some other gene regulators that are located more than several hundred
bp upstream from the GFAP promoter may exist, and may exhibit long-range interaction with
the HSVtk gene, which was integrated into the host genome randomly. These issues may be
the causes of the leaking problem found in NIH-3T3 and N2A cells.

In this research, the GFAP promoter was applied to control the expression of the HSVtk
gene in glioblastoma cell lines, while the cytotoxicity of GCV was limited in neurons and fibro-
blasts. Our result could correspond to the previous study which showed that the HSV-TK gene
driven by human GFAP promoter could selectively kill C6 and U251 glioma cell lines, with no
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Fig 6. Summary of the main results in this study. The survival rate and expression ratio of nestin, GFAP, and BIII-
tubulin in U251-pGFAP-HSVtk (A) and U251-pCMV-HSVtk (B) cells were determined by quantifying confocal
images of immunocytochemistry (n = 3). The survival rate of both stable clones was decreased when cells were treated
with GCV, but increased after recovery. The ratio of nestin-positive cells in both clones increased during GCV
treatment and even after recovery. The ratio of GFAP-positive cells in both clones decreased during GCV treatment
and increased after recovery. The ratio of BIII-tubulin-positive cells in both clones increased during GCV treatment
and decreased after recovery. (C) The HSVtk/GCV system driven by the GFAP promotor could successfully ablate
GFAP-positive glioblastoma cells while leaving non-glial cells intact. In addition, neural differentiation was promoted
after challenge with this HSVtk/GCV system.

https://doi.org/10.1371/journal.pone.0253008.g006
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Table 1. Summary of differentiation rate of BIII-tubulin, GFAP, and nestin during GCV treatment.

Day(s) 0
BIII-tubulin 0
GFAP 0.73+0.04
Nestin 0
Day(s) 0
BIII-tubulin 0
GFAP 0.74£0.04
Nestin 0

U251-pGFAP-HSVtk

1 3 5 7 Recover 3 days

0 0.09+0.01 0.17£0.02 0.23+0.03 0.04+0.01
0.55+0.07 0.32+0.09 0.17+0.01 0.13+0.04 0.36+0.04
0.15+0.03 0.32+0.06 0.48+0.08 0.71+0.05 0.76+0.01

U251-pCMV-HSVtk

1 3 5 7 Recover 3 days

0 0.04+0.01 0.14+0.04 0.19+0.04 0.05£0.01
0.57+0.03 0.32+0.05 0.26+0.01 0.12+0.05 0.43+0.05
0.01+0.01 0.14+0.02 0.42+0.03 0.75+0.10 0.80+0.01

Together, these studies have demonstrated that GCV can promote neural differentiation of U251-pGFAP-HSVtk and U251-pCMV-HSVtk cells. In addition, we propose

that the HSVtk/GCV system can be used to enrich neural stem-like cells and eliminate glioblastoma in vitro, while survival cells can differentiate into neuron-like cells.

https://doi.org/10.1371/journal.pone.0253008.t001

effect on the ovarian cells [28]. Besides, the efficacy of HSV-TK gene-mediated cell killing was
also reported in the primary cultures of human glioblastomas, which the majority of the tumor
cells had detached or showed cytopathic effects after four-day GCV treatment [19]. These
results suggested that HSVtk/GCV system could be applied to glioblastoma research. In addi-
tion, the HSVtk/GCV system was also driven by other promoters in previous studies. The
CMYV promoter is a constitutive mammalian promoter [35]. Bone marrow mesenchymal stem
cells (MSCs) transduced with a recombinant baculovirus vector containing the HSVtk gene
driven by the CMV promoter were reported to act as a systemic cancer therapy. The trans-
duced MSCs were able to deliver the HSVtk suicide gene to glioblastoma and inhibited tumor
growth on introduction of GCV [36]. Transcriptional targeting promoters were also used to
mediate HSVtk expression in order to selectively target tumors [37]. Prostate-specific antigen
(PSA) promoter was another tissue-specific promoter used in targeting prostate cancer [38].
Because telomerase is highly active in human cancer cells, the promoter regions of the telome-
rase RNA and catalytic component, human telomerase reverse transcriptase, have been used
in many targeted cancer gene therapies to drive therapeutic gene expression [39]. Glucose-reg-
ulated protein 78 (Grp78) plays an essential role in cancer cell survival, so the Grp78 promoter
along with HSVtk expression was applied to infect tumor cells for cancer suicide therapy [40].
In the present study, we confirmed that the GFAP promoter could specifically control HSVtk
expression in glioblastoma cell lines while leaving neuronal cell lines intact. Moreover, we
demonstrated that a glioblastoma cell line with a high level of GFAP expression could be elimi-
nated on day 7 of GCV treatment.

Our results also demonstrated that the HSVtk/GCV system promoted neural differentiation
of U251 cells and enriched the neural stem-like cell population after 7 days of GCV treatment.
We demonstrated that cells with a high GFAP expression level were killed, while BIII-tubulin-
positive neuron-like cells were identified after day 5 of GCV treatment. Previous studies have
also revealed that some drugs can induce neural differentiation in other glioblastoma cell lines.
The novel small molecule, CG500354, was reported to induce growth arrest of GBM-derived
cells and neural differentiation via the cAMP/CREB signaling pathway. In contrast to our
results, CG500354 treatment decreased the number of nestin-positive neural progenitor cells
and increased the number of GFAP- and Tuj1-(BIII-tubulin)-positive neural cell types [41].
Furthermore, rapamycin, a therapeutic agent with both immunosuppressant and antitumor
properties [42], reduced the proliferation of glioblastoma cells and increased the expression of
neural differentiation markers (GFAP and BIII-tubulin) [12]. Another natural product,
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curcumin, has a potent anticancer effect on a variety of cancer cell types. Curcumin activated
autophagy and triggered the differentiation cascade of human glioblastoma by producing
higher levels of BIII-tubulin and GFAP expression [13]. Therefore, our finding that the
HSVtk/GCV system driven by the GFAP promotor promoted the neural differentiation of
U251 cells displayed a similar effect to other reports.

To test the HSVtk/GCV system on another genomic background, another human primary
glioblastoma cell line, U87, was examined in our laboratory (unpublished data). The HSVtk/
GCV system driven by the GFAP promoter could ablate GFAP-positive glioblastoma cell lines
and promote neural differentiation within 5 days of GCV treatment. A similar trend found in
U87 cells indicated that this system represents a promising preclinical test for glioblastoma.

In this study, we showed that cell number of GFAP-positive cells would decrease during the
treatment of GCV, and increase after 3 days of GCV withdraw. We demonstrated that GFAP
promoter could specifically drive the HSVtk/GCV system and selectively ablate GFAP-positive
cells. One reason for the increase of GFAP-positive cells after 3 days recovery may be due to
the differentiation of the nestin-positive neural stem cell. Previous studies reported that cancer
stem cells could be identified in U251 glioma cell line [43, 44] and cancer stem cells repre-
sented a population of drug-resistant cells that could survive treatment and repopulate the
tumor. Besides, side populations of glioblastoma cells (U251 and primary glioblastoma sam-
ple) were less sensitive to HSV-TK/GCV system than the non-side population [45], indicating
that GFAP-positive cells may not be fully ablate under GCV treatment in our study. Therefore,
the second reason for the increase of GFAP-positive cells after 3 days recovery may come from
the proliferation of surviving GFAP-positive cells.

We observed that the nestin-positive neural stem cell increased after the GCV treatment
and PIII-tubulin-positive neuron-like cells gradually increased after 5 days of GCV treatment
and decreased after 3 days recovery. We suggested that the increase of BIII-tubulin-positive
neuron-like cells during GCV treatment may be further differentiated from nestin-positive
neural stem cell which increased from day 3 of GCV treatment. Because previous study sug-
gested that cellular origin may affect lineage differentiation propensity of human induced plu-
ripotent stem cells [46], nestin-positive neural stem cell may tend to differentiate into GFAP-
positive cells instead of neurons after GCV was withdrawn. As a result, BIII-tubulin-positive
neuron-like cells decreased after 3 days recovery. In this study, we did not investigate the mat-
uration of BIII-tubulin-positive neuron-like cells, so further neuronal markers could be applied
to identify the cell property in the future.

The HSVtk/GCV system can cause the death not only of HSVtk-positive cells but also of
the surrounding HSVtk-negative tumor cells, which is called bystander effect and is another
important feature of this system [47]. Bystander effect is critical for the clinical application
because gene transfer currently available typically result in fewer than 10% of the cells express-
ing the transgene [48]. Previous study suggested that gap junction communication was the
mediator of the bystander effect in primary cultures of human glioblastoma cells by transfer-
ring phosphorylated GCV from HSVtk-transfected cells to untransfected ones [49]. U251 glio-
blastoma cell line was shown to exhibit high gap junctional intercellular communication
between neighboring cells (>80%) [50] and U251 cells expressing HSVtk gene could induce
cytotoxicity in cocultured U251 bystander cells that lack the viral kinase when incubated with
GCV [51]. In this study, the bystander effect has not been evaluated and further study could
investigate the difference of the bystander effect between U251-pGFAP-HSVtk and
U251-pCMV-HSVtk cells and the differentiation ability of the bystander tumor cells induced
by bystander effect.

While the precise mechanisms underlying the neural differentiation are not known, some
possible mechanisms are suggested by other studies. Autophagy is involved in differentiation,
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survival, and cell death, and the PI3K/AKT/mTOR pathway was reported to promote growth
and proliferation over differentiation of adult stem cells, and neural stem cells, specifically
[52]. Inactivation of the mTOR pathway was sufficient to induce autophagy following the
administration of rapamycin [12]. Furthermore, curcumin promoted differentiation by induc-
ing autophagy [13]. Therefore, it could be speculated that the HSVtk/GCV system promotes
neural differentiation of glioblastoma, and this is mediated by the PI3K/AKT/mTOR-related
pathway. However, evidence for the involvement of a specific signaling pathway should be fur-
ther investigated in future studies.

In conclusion, this study established pGFAP-HSVtk-P2A-EGFP plasmids that could suc-
cessfully ablate GFAP-positive glioblastoma cell lines, while neuronal N2A cells remained
intact. The data also suggested that the neural differentiation of glioblastoma cells could be
promoted after challenge with the HSVtk/GCV system.

Conclusions

This study constructed a pGFAP-HSVtk-P2A-EGFP plasmid bearing the HSVtk/GCV system
controlled by the GFAP promoter to establish a strategy for cancer management in vitro. We
demonstrated that this system could selectively ablate GFAP-positive glioblastoma cell lines,
while it left the neuronal N2A cells intact and promoted neural differentiation after challenge
with the HSVtk/GCV system (Fig 6C). Therefore, we propose that this system has potential for
use in the study of the neural differentiation of glioblastoma stem cells in vitro and in vivo and
offers a possible preclinical test for glioblastoma.

Supporting information

S1 Fig. Plasmid map of constructed pCMV-HSVtk-P2A-EGFP and pGFAP- 3 HSVtk-
P2A-EGFP 4. (A) HSVtk (1131 bps) gene was subcloned into pEGFP-N3 at Xhol and EcoRI
cutting sites. A 66 bps self-cleavage peptide P2A was also subcloned into pEGFP-N3 at EcoRI
and Sall restriction enzyme cutting sites to obtain a construct named pCMV-HSVtk-
P2A-EGFP. This construct could express HSVtk and EGFP as a reporter gene separately.
Kanamycin/neomycin resistance gene was used for both kanamycin selection of E.coli colony
and G418 sulfate selection of cell stable clone. (B) CMV promoter of pPCMV-HSVtk-
P2A-EGFP was substituted by 2207 bps GFAP promoter from another plasmid, pAAV-GFAP-
hChR2(H134R)-mCherry, at restriction enzyme cutting sites of Asel and Xhol. HSVtk and
EGFP in this clone were controlled by GFAP promoter, which is a specific promoter of glia
cell. Kanamycin/neomycin resistance gene was used for both kanamycin selection of E.coli col-
ony and G418 sulfate selection of stable clone in the further experiments.

(TIF)

S2 Fig. HSVtk protein expression profile of stable clones by western blot. HSVtk protein
expression levels of 4 stable clones, N2A-pCMV-HSVtk, U251-pCMV-HSVtk, N2A-
pGFAP-HSVtk, and U251-pGFAP-HSV'tk, at the 1%, 274 and 4™ week were demonstrated by
western blot and B-actin served as an internal control in all groups. The western blot images
were quantified by Image] software (n = 3). (A) Before transfection, N2A parent cells showed
no HSVtk expression level. After transfection and selection, the HSVtk expression levels of
N2A-pCMV-HSVtk were stable within 4 weeks. Thus, N2A-pCMV-HSVtk was a stable clone
and could be used for further experiments. (B) The U251 parent cells showed no HSVtk
expression before transfection. U251-pCMV-HSVtk showed stable expression levels of HSVtk
within 4 weeks and could be used as a control stable clone for glioblastoma. (C) HSVtk expres-
sion could not be detected in N2A-pCMV-HSVtk, since GFAP promoter was not activated in
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N2A cell line. (D) U251-pGFAP-HSVtk expressed HSVtk stably and continuously within 4
weeks.
(TIF)

S3 Fig. Detection of GCV induced apoptosis of U251-pGFAP-HSVtk by TUNEL assay.
(A-D) Fluorescence confocal images of apoptosis obtained from TUNEL assay.
U251-pGFAP-HSVtk cells were treated with 5 pg/ml of GCV for 3 days. Both TUNEL- and
Hoechst- positive cells were identified (C) and dying cells had rounded morphology in DIC
image (D). (E-H) Positive control group was treated by 10 uM H,O, for 1 hour before staining
and the majority of the cell nuclei were TUNEL/Hoechst double positive. (I-L)
U251-pGFAP-HSVtk cells without GCV treatment were regarded as negative control group
and cell nuclei were TUNEL negative. Scale bar = 50 pum.

(TIF)

$4 Fig. Cell viability assay by PI/Hoechst 33342 double nuclear staining for
U251-pGFAP-HSVtk and U251-pCMV-HSVtk cells treated with GCV for 7 days. The sur-
vivals of U251-pGFAP-HSVtk (A-F) and U251-pCMV-HSVtk (G-L) cells were determined by
PI/Hoechst co-staining for cell nuclei after 5 ug/ml GCV treatment for 7 days. PI/Hoechst co-
localized and condensed cell nuclei were identified at the 5th day and the 7th day of GCV treat-
ment in both U251-pGFAP-HSVtk (D and E, arrows) and U251-pCMV-HSVtk (J and K,
arrows) groups. No PI signal was detected after 3 days of recovery (F and L). Scale

bar = 50 um.

(TIF)

S1 Table. List of antibodies applied in this research.
(DOCX)

S1 Raw images.
(PDF)
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