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Abstract: Prodrug-activating suicide gene therapy (PA suicide gene therapy for short) for cancer is to introduce
cancer cells with suicide genes. The enzyme encoded by suicide gene is not toxic but is able to kill cancer cells by
converting a non-toxic prodrug into a toxic compound. This approach is a promising cancer gene therapy that could
reduce non-specific toxicity to normal tissue. However, there is no quantitative method to evaluate efficacy of suicide
gene therapy in preclinical study. The aim of this study is to develop a new method to quantitatively evaluate and
compare prodrug-activating suicide gene therapies. This study was carried out on an oral squamous cell carcinoma
(OSCC) cell line CAL-27. Suicide genes were integrated into ROSA26 locus of CAL-27 by CRISPR-Cas9. CAL-27 cell
lines stably expressing herpes simplex virus-thymidine kinase (TK) or yeast cytosine deaminase (CD) were used to
evaluate and compare PA suicide gene therapies. The efficacies of PA suicide gene therapies were quantitatively
evaluated from three aspects: effective prodrug concentration, prodrug treatment time, and bystander effect. This
method also could be used for different types of suicide gene therapies and different types of cancer. When the
prodrug concentration, treatment time, and rate of suicide gene-positive cells (related to bystander effect) are fixed,
anti-cancer effects could be quantitatively measured. This information is important for suicide gene therapy preclini-
cal development.
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Introduction therapy [2]. The development of prodrug-acti-
vating suicide gene therapy is one of the major

Gene therapy is the insertion of genes into the breakthroughs in cancer gene therapy, which

cells of patients to treat diseases. Among gene
therapy, cancer gene therapy makes up the
largest category [1], which introduces new ge-
netic materials into cancer cells that will selec-
tively induce cancer cells death. So far, several
gene therapy strategies have been developed
and tested for cancer treatment, including anti-
angiogenesis therapy, delivery of cytotoxic or
suicide genes, immunomodulation through de-
livery of cytokines, delivery of tumor suppres-
sion/repair genes, delivery of small RNAs, de-
livery of antigens for stimulating antigen-pre-
senting cells, delivery of antibodies that block
signaling, and prodrug-activating suicide gene

makes effective and safe treatment become a
reality [3]. The basic concept of prodrug-activat-
ing suicide gene therapy is to introduce cancer
cells with a suicide gene. The enzyme encoded
by the suicide gene converts a non-toxic pro-
drug into a cytotoxic compound, which Kills
cancer cells in targeted tissues. Herpes sim-
plex virus-thymidine kinase/ganciclovir (HSV-
TK/GCV) and cytosine deaminase/5-fluorocyto-
sine (CD/5-FC) are the most widely studied sy-
stems in prodrug-activating suicide gene thera-
py [4]. For HSV-TK in combination with GCV, the
virus-originated HSV-TK metabolizes the non-
toxic prodrug GCV into a monophosphate deriv-
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ative, then further converts to GCV triphos-
phate, which elicits toxicity through incorpora-
tion into DNA without inhibiting progression
through the S-phase [5]. CD gene converts the
inactive prodrug 5-FC into highly toxic chemo-
therapeutic 5-FU to kill cancer cells [6].

Oral squamous cell carcinoma (0SCC) is the
most common type of head and neck malig-
nant tumor [7]. It is ranked the 8th leading
cause of cancer, with around 300,000 new
cases worldwide every year [8, 9]. OSCC is an
aggressive cancer, which can be potential
cured with a long-term survival rates of 80% at
an early stage, (or) early stages. However, dis-
tant metastasis represents an ominous prog-
nostic factor in OSCC. The two-year survival
rate drops to 30% with stage Ill and IV of the
disease [10]. Treatment of patients with locally
advanced OSCC remains a challenge. The com-
bination of surgical treatment with radiothera-
py or chemotherapy is the principal treatment
of OSCC. It often causes severe muscle atro-
phy, significant functional deficits in speaking
and a long-term dysphagia, etc [11]. More
recently, dramatic increases in the knowledge
of molecular and genetic basis of cancer leads
to novel molecular therapies for this disease.
Gene therapy, which involves the transfer of
genetic materials to cells to produce therapeu-
tic effects, has become a promising alterna-
tive treatment for OSCC. The preliminary clini-
cal results concerning gene therapy as well as
the combination of these strategies with con-
vention therapy on OSCC are encouraging [12].

The prodrug-activating suicide gene therapy
has been tested on different types of cancers
[3]. Clinical trials of HSV-TK/GCV system along
with CD/5-FC system have been approved by
FDA on prostate cancer, recurrent gynecologic
cancer, glioblastoma multiform, head and ne-
ck cancer and hepatocellular carcinoma [4].
Suicide gene therapy is also a promising ap-
proach for OSCC patients. A major advantage
of suicide gene therapy for OSCC is the solid
tumors of OSCC are easily accessible for direct
injections of genetic materials. Thus, suicide
gene therapy is considered as a novel approach
for OSCC treatment. In this study, we developed
and tested a method to evaluate suicide gene
therapy for OSCC. The suicide genes were edit-
ed into the genome of cancer cells by CRISPR-
Cas9. Efficacy of PA suicide gene therapies

1673

were quantitatively evaluated from three as-
pects: effective prodrug concentration, prodrug
treatment time, and bystander effect. Our study
demonstrates that this method is an effective
and universal approach for PA suicide gene
therapy evaluation.

Materials and methods
Plasmids and cloning

1000 bp DNA from human ROSA26 locus was
cloned from CAL-27 genomic DNA by using
primers: forward primer 5’-ctccgccccgggticeca-
ccgeetg-3’, and reverse primer 5'-acatttaagaac-
gtgaactagggaggaataaaage-3'. This DNA frag-
ment was cloned into home-made vector to
generate a pROSA26 vector. Herpes simplex
virus-thymidine kinase (HSV-TK) and yeast cyto-
sine deaminase (CD) genes were purchased
from Addgene (Addgene# 126677 and 21911).
These suicide genes were firstly cloned into
a vector with mVenus and then the whole
expressing cassette was cloned into the pRO-
SA26 vector (Figure 2). sgRNA2 and sgRNA4
were synthesized by IDT and cloned into a
pX330 vector [13].

Cell culture and transfection

CAL-27 was purchased from ATCC (CRL-2095).
Cells were maintained in DMEM with 10%
FBS and 1% antibiotics (ThermoFisher) at 37°C
with 5% CO,. One day before transfection, 1.5 x
10°% CAL-27 cells were seeded into one well of
12-well plate with 1 ml culture medium. 1 ug
DNA were transfected into cells by using 6
transfection reagents from 3 vendors, includ-
ing Lipofectamine 2000, Lipofectamine 3000,
LTX&PLUS from ThermoFisher, FUGENE HD
and ViaFect from Promega, and Geneln from
MTI-GlobalStem. Transfection was performed
according to vendors’ instructions.

Stable cell line generation

Donor vector and sgRNA were co-transfected
into CAL-27 cells by using FUGENE (Promega).
48-h after transfection, CAL-27 cells were dis-
sociated by Trypsin and diluted to 0.5 cell/100
plin DMEM culture medium. 100 ul medium
with cell was added into one well of 96-well
plate. After 8-10 days’ culture, single cell would
form a single colony. The fluorescent positive
colonies were picked out for the experiment.
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CTCCGCCCCGGGTTCCCACCGCCTGAAGGGCGAGACAAGCCCGACCTGCTACAGGCA
CTCGTGGGGGTGGGGGAGGAGCGGGGGTCGGTCCGGCTGGTTTGTGGGTGGGAGGC
GCTTGTTCTCCAAAAACCGGCGCGAGCTGCAATCCTGAGGGAGCTGCGGTGGAGGAG
GTGGAGAGAAGGCCGCACCCTTCTGGGCAGGGGGAGGGGAGTGCCGCAATACCTTTA
TGGGAGTTCTCTGCTGCCTCCCGTCTTGT ‘

AAGGACCGCCCTGGGCCTGGAAGAAGCCCTCCCTCCTTTCCTCCTCGCGTGATCTACG

TCATCGCCTCCATGTCGAGTCGCTTCTCGATTATGGGCGGGATTCTTTTGCCTAGGCTT
AAGGGGCTAACTTGGTCCCTGGGCGTTGCCCTGCAGGGGAGTGAGCAGCTGTAAGATT
< SgRNAZ |

TGAGGGGCGACT
sgRNA targeting sequence, 57 bp

CCGATTAGTTTATCTTCCCACGGACTAGAGTTGGIGTCGAGGTTATTGTAATAAGGG

Right Arm, 501 bp
TGGGGTAGGGAAATGGAGCTTAGTCATTCACCTGGGGCTGATTTTATGCAACGAGACTG
CGGATTATCACTACTTATCATTTTTGGAGCATTTTTCTAGAGACAGACATAAAGCATGATC
ACCTGAGTTTTATACCATTTGAGACCCTTGCTGCACCACCAAAGTGTAGCATCAGGTTAA
ATCTTAATAGAAAAATTTTAGCTTTTGCTTGAGAAACCAGTGCTTCCCTCCCTCACCCTC
TCTCCCCAGGCTCTCTACCCCTTTGCATCCCTACCAGGCATCTTAGCAACTCTCACTCA
TACTTGATCCCATTTTCCATTTGTTGTACTTGCTCCTCTAGTATTCAGACATAGCACTAGC
TTTCTCCCTCTCTTGATCTTGGGTAGCCTGGTGTCTCGCGAAACCAGACAGATTGGTTC
CACCACAAATTAAGGCTTGAGCTGGGGCTTGACTCTTACCCAGCAGTGCTTTTATTCCT

CCCTAGTTCACGTTCTTAAATGT

Figure 1. Homology arms and sgRNAs targeting to human ROSA26 locus. A. Schematic representation showing the
location of homology arms and sgRNAs on ROSAZ26 locus. Exonl and Exon2 are putative exons on ROSA26 locus.
B. The sequences of left and right homology arms and sgRNAs. The left and right homology arms are in pink; the
sgRNA sequences are underlined and in black. The grey arrows indicate the direction of sgRNA. The green arrow in
the left arm indicates ROSA26 insertion site in a previous study [17], which is 131 bp upstream from the insertion
site in this study. The 57 bp sequence in black, which is targeted by sgRNAs, will be deleted from the genome after

successful gene integration.

Drug treatment

Ganciclovir (GCV) and 5-fluorocytosine (5-FC)
were purchased from Sigma-Aldrich (PHR1593
and F7129). GCV was dissolved in DMSO at the
concentration of 30 mM as stock solution. 5-FC
was dissolved in water at the concentration of
100 mM. Before treating cells, drugs were dilut-
ed to desired concentration by using DMEM
culture medium. 15,000 CAL-27 cells were
seeded into one well of 96-well plate with 100
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Ml medium. After overnight culture, old medium
was aspirated and fresh medium with the drug
was added.

MTT assay

The cell viability was assessed by MTT assay
(ThermoFisher) following the manufacturer’s
instruction. 15,000 cells were seeded into one
well of a 96-well plate. At different time points
after drug treatment, 10 pL of MTT reagent (5
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mg/ml MTT in PBS) was added to each well
and incubated for 1 h. After that, 150 ul of so-
lubilization solution (10% SDS in 0.01 M HCI)
was added to each well and the plate was kept
on 37°C overnight. The soluble formazan was
measured by using FlexStation 3 Multi-Mode
Microplate Reader (Molecular Devices) at 570
nm wavelength.

Results

Homology sequences and sgRNAs targeting to
human ROSA26 locus

In this study, we chose human ROSA26 locus
to stably integrate suicide gene in CAL-27 can-
cer cells. The reason to use this locus is that
mouse homologous ROSA26 locus is com-
monly targeted for ubiquitous and constitutive
gene expression [14, 15] and human ROSA26
locus has been successfully targeted for sus-
tained gene expression [16] and genetically
modification of human embryonic stem cells
[47]. Here, we designed a CRISPR-Cas9 based
knock-in approach to integrate suicide gene
into human ROSA26 locus. A 1000 bp genomic
DNA sequence between exonl and exon2 of
ROSA26 was chosen for homology directed
recombination (Figure 1A). The gene insertion
site is in the middle of this 1000 bp sequence,
which is very close to a previously reported
ROSA26 integration site (Figure 1B) [17]. The
1000 bp DNA sequence was divided into left
homology arm and right homology arm with
length of 442 and 501 bp, respectively. The
left and right arms will be fused to suicide
genes for homology directed repair (HDR). The
57-bp sequence between left and right arm
was targeted by two sgRNAs (sgRNA1 and sg-
RNAA4) for double-stranded DNA break (DSB).
Once the sgRNAs induce DSB on this 57-bp
sequence, suicide genes flanking with right
and left arms will be integrated into ROSA26
locus through HDR. After integration, the sg-
RNA-targeted 57-bp sequence will be deleted
from the ROSA26 locus to prevent further DNA
cleavage.

Integration of suicide genes into human
ROSA26 locus

Two most studied prodrug activating suicide
gene therapies (PA suicide gene therapies)
were evaluated on oral squamous cell carcino-
ma (OSCC) in this study: cytosine deaminase
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(CD) coupled with 5-fluorocytosine (5-FC) and
thymidine kinase (TK) couple with ganciclovir
(GCV). In this study, the CD is from yeast and
TK is from herpes simplex virus. To facilitate
downstream stable cell line selection, a fluores-
cent protein, mVenus, was fused to the N-te-
rminal of suicide genes (Figure 2A). After that,
the expression cassette, which contains SV40
promoter, chimeric intron, and SV40 polyA
signal, was fused with ROSA26 left and right
arms (Figure 2B). The resultant plasmids are
served as donor vectors for suicide gene inte-
gration. After co-transfection donor vectors
with sgRNA1 or sgRNA4, sgRNAs will guide
Cas9 complex to generate double-stranded
DNA break (DSB) at ROSA26 locus. In this case,
donor vector containing left and right homology
arms will guide DNA repair by homology direct-
ed repair (HDR). Suicide gene will be integrated
into ROSA26 locus after DNA repair. As donor
vectors do not contain sgRNA-targeting se-
quence (Figures 1B and 2B, middle 57 bp se-
quence), Cas9-sgRNA complex will not cleave
ROSA26 locus again after successful suicide
gene insertion.

Selection of appropriate transfection reagent
for CAL-27 cell line

CAL-27 cell line was chosen as a cell model
of OSCC [18]. It was found that it is hard to
achieve satisfactory transfection efficiency for
this cell line. Thus, we screened 6 transfection
reagents from 3 vendors for an appropriate
transfection reagent for CAL-27, including Li-
pofectamine 2000, Lipofectamine 3000, and
LTX&PLUS from ThermoFisher, FUGENE HD and
ViaFect from Promega, and Geneln from MTI-
GlobalStem. Plasmid encoding mVenus was
transfected into CAL-27 cells by using those
transfection reagents. Fluorescent and differ-
ential interference contrast (DIC) images were
taken to evaluate transfection effect. Two val-
ues were measured to evaluate transfection
performance: transfection efficiency and toxic-
ity to the cell line. As shown in Supplementary
Figure 3A, although Genln and ViaFect mediat-
ed high transfection efficiency, they caused a
lot of CAL-27 cell death. Among the reagents
that had medium transfection efficiency, Fu-
GENE HD achieved a balance between trans-
fection efficiency and toxicity (Supplementary
Figure 3A). Thus, FUGENE HD was chosen for
the transfection reagent for the CAL-27 cell line

in this study (Supplementary Figure 3B).

Am J Cancer Res 2021;11(4):1672-1682
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Figure 2. Expression cassette of suicide genes and donor vector for CRISPR-Cas9-based knock-in. A. Expression
cassette of CD and TK. mVenus, which is a monomeric version of yellow fluorescent protein Venus, is fused to the
N-terminal of suicide genes. Chimeric intron after SV40 promoter will enhance gene expression. B. Donor vectors
for gene integration. The left and right arms are fused to expression cassette of suicide genes for homology directed
repair (HDR) after sgRNA directed double-stranded DNA break (DSB).

Generation of CAL-27 cell lines stably express-
ing CD or TK

FUGENE HD was used to transfect sgRNA
(either sgRNA1 or sgRNA4) and donor vector
into CAL-27 cells. After culturing for 2 passages
post transfection, CAL-27 cells were limited
diluted into 96-well plate with density of 0.5
cell/well. Single cells will form colonies in 10-14
days. After examining under fluorescent micro-
scope, fluorescent-positive cell colonies were
picked up for downstream experiments. As sh-
own in Figure 3A, stable cell lines expressing
suicide genes (mVenus-CD and mVenus-TK)
have similar morphology as its parental cell
(No transfection CAL-27 cell) and control cell
(mVenus only: CAL-27 stably expressing mVe-
nus). Aimost all cells were fluorescent positive
(Figure 3A). Sequencing results show that CD
and TK are correctly inserted into ROSA26
locus as design (data not shown). The growth
curve of each cell line is the same as parental
cell line (Supplementary Figure 1). Importantly,
CAL-27 mVenus-TK and CAL-27 mVenus-CD cell
lines are sensitive to GCV or 5-FC treatment
(Figure 3B and 3C). All these results indicate
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the CAL-27 mVenus-TK and CAL-27 mVenus-CD
cell lines are suitable to evaluate suicide gene
therapy.

Evaluation and comparison of effective pro-
drugs concertation

To find out effective prodrug concentration that
can Kill all suicide gene-expressing cells, a
series of two-fold dilutions of GCV or 5-FC were
used to treat CAL-27 stable cell lines for 4 days.
MTT assay, which evaluates cell metabolism
level, was used to measure cell viability. The
result shows that GCV at 0.39 uM killed ~93%
of cells, while 50 yM 5-FC only killed ~84%
cells, indicating CAL-27 is more sensitive to
GCV treatment than to 5-FC treatment (Figure
4A). Increasing 5-FC to 100 uM only killed 87%
cells, showing 13% of cell cannot be killed by
5-FC. This resistant phenomenon was also
found for GCV treatment. GCV as high as 100
UM could only kill 97% of cells (Supplementary
Figure 2), showing around 3% of cells were
resistant to GCV treatment. In terms of overall
cell sensitivity to prodrugs, GCV (97% at 100
uM) is better than 5-FC (84% at 100 uM).

Am J Cancer Res 2021;11(4):1672-1682
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Treatment: 5-FC 1 mM, 48 h Treatment: GCV 80 uM, 48 h

Figure 3. CAL-27 cell lines stably expressing mVenus-CD or mVenus-TK and their responses to prodrug treatment. A.
Microscope pictures showing fluorescent and corresponding Differential Interference Contrast (DIC) images of CAL-
27 cells stably expressing mVenus-CD or mVenus-TK. CAL-27 expressing mVenus only served or serves as a nega-
tive control in experiments. B. Both CAL-27 Venus and mVenus-CD cell lines were treated with 1 mM 5-FC for 48 h.
5-FC induced cell death of CAL-27 expressing mVenus-CD, which is indicated by arrows. C. Both CAL-27 mVenus and
mVenus-TK cell lines were treated with 80 uM GCV for 48 h. GCV induced cell death of CAL-27 expressing mVenus-
TK as indicated by the blue arrows. All scale bars are 100 ym.

Evaluation and comparison of killing time of CD cells was treated with 50 yM 5-FC and CAL-
prodrugs 27 mVenus-TK was treated with 0.39 uM GCV,

respectively. Two prodrugs at these concentra-
To find out when prodrug will kill CAL-27 cancer tions could kill all drug-sensitive cells (Figure
cells after prodrug treatment, CAL-27 mVenus- 4A). At various time points after prodrug treat-
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Figure 4. Evaluation and comparison of suicide gene therapies. A. Prodrug
dosage test for suicide gene therapy. CAL-27 mVenus-CD and mVenus-TK cell
lines were treated with a series of two-fold dilutions of 5-FC or GCV respec-
tively for 4 days. MTT assay was used to measure cell viability. CAL-27 ex-
pressing mVenus only was served as negative control. B. Prodrug killing time
course test for suicide gene therapy. CAL-27 mVenus-CD and mVenus-TK cells
were treated with 50 yM 5-FC or 0.39 uM GCV. At various time points, cell
viability was measured by MTT assay. C. Evaluation and comparison of sui-
cide gene therapies’ bystander effect. CAL-27 cells expressing mVenus-CD or
mVenus-TK were mixed with CAL-27 cells expressing mVenus only at ratios of
100%, 75%, 50%, 25%, and 0%. Cell mixtures were then treated with 50 uM
5-FC or 0.39 uM GCV for 4 days. Cell viability was measured by MTT assay.
Cell viability was plotted against percentage of suicide gene positive cell. Red
dots and green dots are cell viability of GCV or CD treated cells. Blue dashed
line represents theoretical viability curve when suicide gene doesn’t have
bystander effect. Red and green lines are fitted line by exponential equation.
Experiments were repeated twice. Scale bars: standard deviation.

ment, cell viability was measured by MTT assay.
The result shows that both GCV and 5-FC did
not inhibit cell growth after prodrug treatment
for 16 hours (Figure 4B). Inhibition of cancer
cell growth was found after prodrug treatment
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for 38 hours. After that, CAL-
27 cells were gradually killed
by prodrug. At 80 h, almost
all drug-sensitive cells were
Killed. In terms of killing time,
GCV and 5-FC have the same
profile.

Quantitative evaluation and
comparison of bystander ef-
fect of suicide gene therapies

Bystander effect is a phe-
nomenon describing prodrug
not only kills suicide gene-
expressing cancer cells but
also kKills contacting suicide
gene negative cancer cells.
To evaluate bystander effect,
CAL-27 cells expressing mVe-
nus-CD or mVenus-TK were
mixed with suicide gene nega-
tive cells (CAL-27 cells expres-
sing Venus only) at the ratios
of 100%, 75%, 50%, 25%, and
0%. Then cell mixtures were
treated with 50 yM 5-FC or
0.39 uM GCV for 4 days. Ce-
Il viability was measured by
MTT assay after 4-day treat-
ment. As shown in Figure 4C,
cell viability was plotted with
percentage of suicide gene
positive cells. The blue dash-
ed line in Figure 4C repre-
sents theoretical cell viability
curve when suicide gene does
not have bystander effect. If
suicide gene has bystander
effect, viability curve will be
under the theoretical non-
bystander effect curve. As
expected, the viability curves
of CD/5-FC and TK/GCV are
under the theoretical non-
bystander effect curve, indi-
cating CD/5-FC and TK/GCV
have bystander effects which
is consistent with the previ-

ous reports [19, 20]. Notably, when suicide
gene positive cells constituted 25% of total
cells, the CD/5-FC therapy killed more cancer
cells than the TK/GCV therapy at the same
ratio (Viability: CD/5-FC 15.6% versus TK/GCV

Am J Cancer Res 2021;11(4):1672-1682
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Table 1. Quantitative evaluation and comparison of suicide gene Discussion
therapies

) Prodrug Treatment In this study, we evaluated
Pair concentration  time b % of area two most widely studied PA
CD/5-FC 50 UM 4days 0.870 140 0130 63.2% suicide gene therapies on
TK/GCV  0.39uM  4days 0913 585 0.087 52.3% OSCC cell lines CAL-27. To our

29.4%), indicating the CD/5-FC pair has a bet-
ter bystander effect than TK/GCV pair at 25%
of positive cell ratio.

To quantitatively evaluate this bystander ef-
fects, we developed a method. First, the data in
Figure 4C were fitted to an exponential equa-
tion: y = a*EXP(-b*x) + ¢, where y is cell viability
and x is percentage of suicide gene positive
cells. The fittings were good for both CD/5-FC
and TK/GCV with R-square of 0.9999 and
0.9997, respectively. The a, b, and ¢ values for
CD/5-FC and TK/GCV were listed in Table 1. In
the exponential equation, b is decay constant,
which represents how fast the cell viability
decrease with increase of percentage of sui-
cide gene positive cell. The faster the decrease
is, the better bystander effect is, because pro-
drug will kill more cells with the same ratio of
suicide gene positive cells. Thus, the value of b
can be used to compare bystander effects at
low positive cell ratio. A bigger b value will rep-
resent a better bystander effect. As shown in
Table 1, the b value of CD/5-FU is bigger than
TK/GCV (CD/5-FU, 14.0; TK/GCV, 5.85), which
is consistent with the observation that CD/5-FU
has a better bystander effect than TK/GCV at
25% of positive cell ratio.

As the b value only reflects the decrease spe-
ed, it cannot show the overall bystander effect.
To quantitatively measure the overall bystand-
er effect, the % of area was calculated bas-
ed on curves in Figure 4C. First, the area
between fitted exponential curve and theoreti-
cal no bystander effect curve was calculated.
This area is directly related to by-stander effect
of suicide gene. Then the percentage of this
area to the area of triangle surrounded by
x-axis, y-axis, and the theoretical no bystand-
er effect curve was calculated. As shown in
Table 1, CD/5-FU still has a larger % of area
than TK/GCV (63.2% vs 52.3%), indicating
CD/5-FU has a better overall bystander effect
than TK/GCV.
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knowledge, this is the first
study to quantitatively evalu-
ate and compare two leading PA suicide gene
therapies for OSCC. The dosage study shows
that the minimum concentration of 5-FU to kill
all drug-sensitive cell is around 50 yM, while
this concentration for GCV is 0.39 uM, indicat-
ing CAL-27 cells is more sensitive to GCV than
5-FU. The pharmacokinetics studies in human
show that GCV can achieve peak serum con-
centration >9 mg/L (35.3 uM), while the peak
serum concentration of 5-FU is ~20 mg/L (155
puM) [21-23]. Compared with GCV killing concen-
tration to CAI-27 cells (0.39 uM), the GCV peak
serum concentration is about 90-fold higher
than GCV killing concentration for CAL-27 (0.39
MM). In contrast, the peak serum concentration
of 5-FU is only about 3-fold higher than killing
concentration of 5-FU (50 uM). Thus, it would
be easier for GCV to reach effective drug con-
centration in patients. This may explain why
GCV/TK therapy is more extensively tested in
clinical trials than CD/5-FU [3]. If the minimum
killing concentration of 5-FU could be reduced,
such as by improving CD catalytic efficiency
[24], the in vivo efficacy of CD/5-FU therapy
may be improved.

The time course study showed GCV or CD only
killed cancer cells after about 2-day treatment.
This Killing time is consistent with previous
study [25]. This long killing time course may be
related to cancer killing mechanism of these
two drugs.

Our results demonstrate that the bystander
effect can be quantitatively evaluated and
compared (Figure 4C). Two values were calcu-
lated to quantify the bystander effect: the b
value and overall bystander effect. The b value
is the decay constant of fitted exponential
equation. Bigger b value means suicide gene
therapy could kill more cancer cells at the same
ratio of suicide gene positive cells, especially at
the low ratio of positive cells. CD/5-FU has a
bigger b value than TK/GCV (Table 1). As shown
in Figure 4C, at the 25% of positive cells, CD/
5-FU killed more cancer cells than TK/GCV.

Am J Cancer Res 2021;11(4):1672-1682
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Selection of Suicide
Integration Site Gene/Prodrug
Human ROSA26 CD/5-FC and

locus TKIGCV

Stable Cell Lines

CAL-27 mVenus-CD
CAL-27 mVenus-TK

Prodrug killing
concentration

Prodrug killing
time course

Figure 5. The universal method to evaluate and compare suicide gene ther-

apy.

However, at the 50% of positive cells, CD/5-FU
Killed the same cancer cells as TK/GCV. In this
regard, the b value cannot reflect bystander
effect on a whole. To avoid bias of the b value,
the % of area was calculated to measure the
overall bystander effect across all ratio of sui-
cide gene positive cells. As shown in Table 1,
CD/5-FU still has a bigger % of area than TK/
GCV, although the difference is smaller than
the difference of b value. In summary, if trans-
fection/infection efficiency is not a bottleneck
of suicide gene therapy, the % of area will be a
good indicator for bystander effect. In contrast,
if high transfection/infection efficiency is hard
to achieve, the b value will be a useful value to
evaluate bystander effect.

The evaluation and comparison approach in
this study (Figure 5) is a general method to
evaluate PA suicide gene therapy. It can be
used in new therapy development in preclinical
study. Other types of cancer can be tested by
changing the cancer cell lines. For example, to
study breast cancers, we could use MCF-7
cells. To study leukemia, we could use HL-60
cell line. We could even use primary cancer tis-
sue. This method could also be used to evalu-
ate other prodrug-activating suicide gene thera-
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Cancer Type

and Cell Line

OSCC: CAL-27

py pair, such as NTR/CB19-
54, CPG2/Nitrogen Mustard,
and P450/oxazaphosphorine
[4]. For example, when new
version of CD or TK has been
developed [24, 26]. In addi-
tion, this method could also
be developed into an in vivo
model to evaluate PA suicide
gene therapy on animal mod-
els. Taking CAL-27 cell line as
an example, this cell line is
tumorigenic after inoculating
in immunocompromised nude
mice. By injection of the CAL-
27 cell lines expressing sui-
cide gene in this study into
nude mice, the dosage res-
ponse, Killing time course, as
well as bystander effect could
be evaluated and compared
in vivo.

Bystander
effect

When we tested for effective
Killing concentration, it was
found that a portion of CAL-27
cells were resistant to either
5-FU (~13%) or GCV (~3%) treatment. This phe-
nomenon is also found in other study [25].
Currently, the underlying mechanism is not
clear. One possibility is that these drug-resis-
tant cells may go into cell quiescence to stay
alive. Mechanism study on drug resistant cells
may lead to improvement on therapy efficacy.
In clinical trial, there are attempts to express
CD and TK simultaneously in cancer to increa-
se anticancer efficacy [27]. Our results imply
that this combination approach could greatly
reduce population of drug-resistant cancer
cells and improve anti-cancer efficacy. In theo-
ry, for CAL-27 cell lines, combinational therapy
with CD and TK may reduce resistant cells
below 1% (13% % 3% = 0.39%).

For OSCC therapy, TK/GCV therapy could be a
good approach, but its bystander effect is not
as good as CD/5-FC. Less efficient bystander
effect means TK/GCV needs high transfection/
infection rate to effectively kill cancer cells in
patients. However, considering low transfection
efficiency of OSCC cell lines, it may not be pos-
sible to achieve satisfactory suicide gene trans-
fection/infection efficiency in patients. CD/5-
FC has a better bystander effect, but it is hard
to achieve effective kill concentration in vivo. In
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our opinion, both CD/5-FC and TK/GCV thera-
pies tested in this study may not be appropriate
for OSCC treatment. Bystander effect should
be improved for TK/GCV and prodrug kill con-
centration should be improved for CD/5-FC.

According to our experience, cell lines derived
from OSCC are hard to be transfected. In this
study, we screened 6 commercially available
transfection reagents and found FUGENE HD
achieved the best balance between transfec-
tion efficiency and cell viability for CAL-27 cell
line. However, in terms of transfection efficien-
cy, FUGENE HD is not the best one. Geneln and
ViaFect are much better than FUGENE HD. But
these two reagents caused drastic cell death.
Further research and development on Geneln
or ViaFect to reduce transfection-related cell
death may facilitate research in OSCC field.
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Supplementary Figure 1. Growth curve of CAL-27, CAL-27 mVenus, CAL-27 mVenus-CD, and CAL-27 mVenus-TK.
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Supplementary Figure 2. CAL-27 mVenus-TK cell line was treated with a series of two-fold dilutions of GCV from 0.39
MM to 100 uM for 4 days. MTT assay was used to measure cell viability. CAL-27 expressing mVenus only serves as
negative control.
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A No transfection Geneln ViaFect

Fluorescent

Reagents Transfection Efficiency Toxicity
Geneln High Toxic
ViaFect High Toxic
Lipofectamine 3000 Medium Toxic
FUGENE HD Medium Not Toxic
Lipofectamine LTX & PLUS Medium Toxic
Lipofectamine 2000 Low Toxic

Supplementary Figure 3. Screen for appropriate transfection reagent for CAL-27 cell line. A. Microscope pictures
showing fluorescent and corresponding Differential Interference Contrast (DIC) images of CAL-27 cells after trans-
fection by various transfection reagents. Bright dots in fluorescent pictures are successfully transected cells. Live
cells in DIC pictures show attached, spreading and darker morphology as shown for non-transfected cells. In con-
trast, dead cells are round, bright and floating in DIC image. The best transfection is outlined by red line. Scale bar,
100 pym. B. Summary of screening result. The best transfection reagent for CAL-27 cells is highlighted in red.



