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Abstract

Suicide gene vectors are being developed in many laboratories as an attractive approach to cancer
therapy. However, the development of these therapies is hampered by safety concerns and
limitations of efficacy. The use of tumor-specific promoters, such as survivin promoter, can
provide much needed specificity to target tumor cells. However, the expression levels from these
promoters is often suboptimal and hence it is imperative to enhance the activity of the cytotoxic
gene of interest. We tested apoptotic activity of several mutants of proapoptotic gene bax that
constitutively translocate to the mitochondria and induce apoptosis. One of these mutants with
deletion of serine at position S184 (S184del) was found to be most active and showed significant
antitumor activity when expressed by the survivin promoter. /n vitro testing shows that this vector
(Sur-BaxS184del) induces cell killing in a variety of tumor cell lines of different origin with
significantly higher efficacy than wild-type bax (Sur-BaxWT). The increase in cytotoxicity was a
result of enhanced induction of apoptosis in tumor cells. In contrast to cytomegalovirus (CMV)
promoter-driven bax (CMV-Bax), Sur-BaxS184del caused minimum toxicity in normal human
dermal fibroblasts validating its specificity and safety. In a mouse tumor model (DA-3, murine
breast cancer cells), we show that intratumoral injection of Sur-BaxS184del resulted in tumor
growth retardation to the same level as CMV-Bax. This study highlights the effectiveness of using
bax mutants in combination with survivin promoter for tumor-targeted suicide gene therapy in a
nonviral vector.
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Introduction

Gene therapy is emerging as a realistic treatment for various forms of cancer.! In an attempt
to develop safer and more effective gene therapy approaches, researchers are increasingly
using tumor-specific promoters (TSP) to drive the expression of the gene of interest.
Numerous TSPs have emerged as highly tumor specific and effective in selectively allowing
expression of the gene of interest in cancer cells, including Htert,2 Her-23 and survivin®
promoters. Survivin is a member of the inhibitor of apoptosis family of proteins that has
been known to regulate apoptosis in cancer cells.> The overexpression of survivin® and the
upregulation of survivin promoter activity” in a variety of tumors makes it an ideal candidate
for tumor-targeted gene therapy. The specificity and utility of survivin promoter for tumor
targeting has been tested and validated by numerous researchers.8-11

Although TSPs offer a tumor-specific activity, the expression level of the gene of interest
from these promoters is often suboptimal. This is particularly important if the attempt is to
drive the expression of suicide genes such as bax, bik, bid and other members of the bcl-2
proapoptotic gene family that are regulated by post-translational cellular signaling events to
induce apoptosis.12 The expression of these proapoptotic genes from TSPs can be
suboptimal for apoptosis induction, but in turn may sensitize cells to other apoptosis
inducing agents and chemotherapeutics. One method to circumvent this problem is to
increase the activity of the proapoptotic gene by making dominant active forms. This has
been achieved for other members of the Bcl-2 proapoptotic family such as truncation of bid
to thid3 or mutations in the phosphorylation sites of bik.14

Bax, a member of the bcl2 family of genes, has been extensively studied as a candidate for
suicide gene therapy.15-19 Although regulation of bax by hTERT promoter in an adenovirus
vector has been shown to provide tumor-specific activity without hepatotoxicity,220 the use
of bax as a suicide gene in nonviral plasmid-based vectors has only been successful with
cytomegalovirus (CMV) promoter?1:22 and not with TSPs.23 Recent evidence has shown that
bax apoptotic activity is regulated by translocation of cytoplasmic bax to the mitochondria
under apoptotic stimuli.12:24.25 This translocation is dependent on the conformational
change in the C terminus of bax protein by dephosphorylation of serine at position 18426
and possibly threonine at position 182.24 The phosphorylation and dephosphorylation of bax
have been suggested to be regulated by PKC zeta?” and PP2A,28 respectively.

The objective of this study was to generate a nonviral gene therapy vector with significant
and selective activity in tumor cells. For this purpose, we developed and tested survivin
promoter-driven bax constructs with several mutations in the C terminus of bax that make
the protein constitutively active. Cytotoxicity assays showed a significant increase in tumor
cell killing by survivin promoter-driven mutant bax with minimum effect on normal cells.
The increase in activity was found to be due to increased apoptosis, both 7n vitro and in vivo,
resulting in tumor growth retardation in a murine subcutaneous tumor models.
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Materials and methods

Cell lines and reagent

Human cervical cancer cell line HeLa, breast cancer cell lines MCF-7, SKBR3, MDA-
MB231, colon cancer cell line HT29 and murine breast cancer cell line DA-3 DMBA were
cultured in Dulbecco’s modified Eagle’s Medium supplemented with 10% fetal bovine
serum and penicillin streptomycin (5000 U ml"). Murine neuroblastoma cell line TBJ was
cultured in RPMI media supplemented with 10% fetal bovine serum and penicillin
streptomycin (5000 U mI~1). Caspase inhibitor Z-VADfmk was from Calbiochem (San
Diego, CA) and used at 40 uM to inhibit apoptosis.

Construction of plasmids

Genomic DNA was extracted from 293T cells using DNA extraction kit (Qiagen, Valencia,
CA). The survivin (Sur) promoter region 1.1 kb was PCR amplified using the following
primers: forward primer, 5-
CGAATTCGCGGCCGCCTGGCCATAGAACCAGAGAAGTGA-3 and reverse primer, 5 -
AAAGGTACCACGCGTCCACCTCTGCCAACGGGTCCCGCG-3 . PCR products were
cloned into PCR3.1 vector using the TOPO cloning kit (Invitrogen, Carlsbad, CA) and
sequenced. Subsequently, the Sur promoter region was excised with £coRl and Kprnl, and
subcloned into puc18 vector. The Bax ORF from pCMV bax (Upstate-Millipore, Billerica,
MA) was subcloned down streams of Sur promoter using Kpnl and Xbal sites. Finally, the
BGH polyadenylation signal was PCR amplified from pcDNA3.1 and cloned at the 3" end of
the bax gene to generate pSurBaxWT vector (Figure 1). Site-directed mutagenesis was used
to induce mutations at positions T182A, S184A and deletion mutant S184del in bax gene
using Quick Change site-directed mutagenesis kit (Stratagene, La Jolla, CA). All plasmids
used for injection in mice were purified using the Endotoxin-free plasmid purification kit

(Qiagen).

Cytotoxicity assay

Cell lines were seeded in 96-well plates at 10000 cells per well. Subsequent day the cells
were transfected with 100 ng of luciferase reporter vector pGL3 control (Promega, Madison,
WI) along with 200 ng per well of various bax vectors using ExGen 500 transfection reagent
(Fermentas, Glen Burnie, MD). ExGen 500 is a 22 kDa linear polyethylenimine-based
transfection reagent that binds and delivers DNA through the endocytic pathway. Cell
survival was determined as luciferase activity 48 h after transfection and normalized to
control vector (pucl8)-transfected cells. For certain experiments, caspase inhibitor ZVAD
fmk at 40 uM was added 30min before transfection. Cell viability after transfection with
various plasmids was also determined using an MTS-based assay (Cell Titer one Aqueous
solution, Promega) or by measuring adenosine triphosphate levels in cells using Cell Titer
Glo Luminescent assay (Promega).

Apoptosis detection

HeLa cells were seeded in 24well plates at 10° cells per well. Subsequent day the cells were
transfected with 1 ug per well of DNA using ExGen 500 transfection reagent. Apoptosis was
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determined 24 h later either as phosphatidyl serine exposure by annexin V FITC staining
using the Apoalert Annexin V FITC staining kit (BD Biosceineces), or as mitochondrial
depolarization by staining with 10 uM DiOCg, followed by flow cytometry on a BD
FACScan Flow cytometer (BD Bioscience, San Jose, CA). At least 10000 events were
collected and analyzed using cell quest software (BD Biosciences).

Western detection

Hel a cells transfected with various bax vectors were lysed in RIPA buffer 48 h after
transfection. Lysates were run on 10% SDS-page gel transferred onto polyvinylidene
difluoride membrane. Blots were blocked with 5% nonfat milk in tris-buffered saline for 2 h,
followed by incubation with primary anti-bax antibody (Upstate) (1:1000) for 4 h. After
three washes in tris-buffered saline, the blots were incubated with anti-rabbit horseradish-
peroxidase conjugated antibody (1:10000) (Sigma, St Louis, MO) for 1 h. The blots were
developed by enhanced chemiluminescence substrate using Western lightning reagent
(Pierce, Rockford, IL). Quantification of gels was conducted using Quantity One software
from Bio-Rad (Hercules, CA) and expressed as bax/tubulin ratio.

Animal studies

Results

Six-week-old female Balb/c mice were injected with 108 DA-3 murine breast cancer cells in
the flank. When tumors reached 5-6 mm in diameter, the mice were divided into different
groups and treated with different vectors. Polyethyleneimine-based polymer jetPEI was used
as a carrier for the DNA for /in vivo studies. Polyethyleneimine is a cationic polymer that
complexes with DNA to form nanoparticles that carry DNA into endosomes and then protect
DNA from endocytic damage, allowing delivery of DNA to cells. Endotoxin-free DNA 50
ug was complexed with /n vivo-jetPEI (polyplus transfection) and injected intratumorally
every other day for a total of three injections. One mouse in each group was killed 48 h after
the second injection, and the tumor was collected and fixed in neutral-buffered formalin for
immunohistochemistry. Tumor volumes were measured in mice twice weekly and calculated
based on the formula

Tumor volume = ab2 X /6,

where ‘&’ is the longest diameter and &’ is the shortest diameter.

Mutations in the bax protein at positions T182 and S184 significantly increase tumoricidal

activity

The suboptimal expression of suicide genes from TSPs, such as survivn promoter, warrants
the need for more potent suicide genes. We approached this issue by making mutations in
the C-terminal region of bax known to regulate mitochondrial translocation and apoptotic
activity of bax.2426 Mutations were made in the survivin promoter-driven bax construct
(Sur-BaxWT) at positions T182A, S184A, and the deletion mutation S184del. Cytotoxicity
assays were conducted in HeLa cells by co-transfection with a luciferase reporter plasmid
and relative survival determined as luciferase activity compared with control. As seen in
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Figure 2, mutant forms of bax showed significantly higher cytotoxicity activity than Sur-
BaxWT construct with the highest activity seen with S184del mutant. Although all the above
bax mutations have been shown to constitutively translocate to the mitochondrial 2426 a
comparison of these mutants showed S184del to have the highest activity and hence was
selected for use as the cytotoxic gene.

Further analysis of tumoricidal activity was conducted using cell viability assays after
transfection. Hel a cells transfected with various bax constructs were assayed for cell
viability 24 h later using either a MTS dye-based assay (Figure 3a) or measurement of
cellular adenosine triphosphate levels (Figure 3b). Control cells transfected with a green
fluorescent protein reporter and analyzed by flow cytometry showed around 47%
transfection efficiency in these assays consistent with a similar loss of viability. Cell
viability assays were consistent with the gene reporter assay. We saw a significant decline in
cell viability with Sur-BaxS184del and CMV-Bax compared with vector-ransfected cells.

S184del mutation increases the activity of bax several fold with relatively small amounts of

expression

We next wished to determine whether enhanced activity of Sur-BaxS184del would result in
lower amounts of the vector needed for tumoricidal activity. A serial dilution of Sur-BaxWT,
Sur-BaxS184del or CMV-Bax plasmids was used in a cytotoxicity assay in HeLa cells. As
seen in Figure 4a, the S184del vector showed significantly higher activity than wild type
(WT) at limiting amounts of DNA, which was comparable to CMV-Bax vector. After fitting
the curves, the I1Csq (expressed as ng of plasmid) for cytotoxicity with Sur-BaxS184del was
found to almost 10-fold lower than Sur-BaxWT and similar to CMV-Bax. Further analysis of
expression of bax protein with different constructs showed that although WT construct either
under CMV or Sur promoter showed significant expression, the expression of mutant bax
was relatively low (Figure 4b). Quantitative analysis shows that S184del mutant was
expressed six- to seven fold lower than WT bax under Sur or CMV promoters, respectively.
This is likely due to high cytotoxic activity of the mutant form, which requires only small
amounts of protein accumulation before cell death. This is consistent with gene reporter-
based cytotoxicity assay, in which luciferase expression is suppressed due to cytotoxicity.
This suggests that the relatively low level of accumulation of the mutant form of bax is
sufficient for cytotoxicity making it ideal for suicide gene therapy driven by the survivin
promoter.

Increased cytotoxicity of S184del bax is due to enhanced apoptosis

We next determined whether the increased activity of the Sur-BaxS184del vector was due to
enhanced apoptosis induction. Two different markers of apoptosis, phosphatidyl serine
exposure and mitochondrial membrane permeabilization, were determined in cells
transfected with different suicide gene vectors. Sur-BaxS184del vector caused increased
apoptosis compared with Sur-BaxWT (/<0.001), as determined by both phosphatidyl serine
exposure (Figure 5b) and mitochondrial membrane permeabilization (Figure 5a). To
determine whether the increased apoptosis was caspase dependent, we conducted a
cytotoxicity assay in the presence or absence of pan caspase inhibitor Z-VADfmk. As seen
in Figure 6, inhibition of caspase activity by Z-VAD significantly inhibited cytotoxicity in
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Sur-BaxWT-transfected cells, but only partially in Sur-BaxS184del-transfected cells. This
suggests that the apoptosis mediated by mutant form of bax may also be partially caspase
independent. These results suggest that Sur-BaxS184del causes enhanced apoptosis in cells
by a partially caspase-independent mechanism.

Survivin promoter-driven bax S184del shows increased tumoricidal activity in a variety of
tumor cell lines

The activity of survivin promoter has been shown to be enhanced in a variety of tumor cells.
7 To determine whether the enhanced activity of S184del mutant translates into increased
tumoricidal activity in a variety of cells, we tested different cancer cell lines for cytotoxicity
by the vectors. Both human and murine cell lines were used in cytotoxicity based on co-
transfection of cells with luciferase reporter gene. As seen in Figure 7, transfection of cells
with Sur-BaxS184del resulted in a significantly higher cytotoxicity than Sur-BaxWT vector
in all of the cell lines tested. In most of the cell lines, although WT vector was almost
nontoxic, S184del vector reduced survival to less than 50%. This suggests that mutation of
bax (S184del) can significantly enhance its activity, especially in the context of a TSP, such
as Sur promoter, making it reasonable to use for cancer gene therapy.

Survivin promoter-driven bax S184del shows relatively low cytotoxicity in normal human
fibroblasts compared with CMV-driven bax

Mutational enhancement of apoptotic activity of bax raises the question whether this may
result in higher toxicity in normal cells even when the expression is driven by a TSP. To
address this issue, we used normal human dermal fibroblasts isolated from human skin to
test the safety of the vectors. Interestingly, a gene reporter-based cytotoxicity assay in these
noncancerous cells with Sur-BaxWT or Sur-BaxS184del resulted in minimal toxicity as
determined by the gene reporter assay (Figure 8). On the other hand, CMV-bax was highly
toxic similar to results with tumor cells, consistent with constitutive activity of CMV and
lack of tumor specificity. This suggests that using mutant form of bax under the control of
TSP provides significantly higher tumoricidal activity, although being nontoxic to normal
tissue.

Intratumoral injection of SurBaxS184del vector results in significant reduction in tumor
growth with apoptosis induction

Finally, we asked whether the vectors generated would be effective /n vivo using a
subcutaneous murine tumor model. For this purpose, we chose the murine breast cancer cell
line DA-3 shown to generate subcutaneous tumors in mice.29:30 Female Balb/c mice were
injected subcutaneously with 108 DA-3 cells in the flank. When tumor size reached 5-6 mm
in diameter, the mice were injected with plasmid DNA complexed with PEI cationic DNA
delivery polymer. Mice received a total of three injections every other day. Tumor volumes
were measured twice weekly. Forty-eight hours after the second injection, one mouse from
each group was killed and the tumors were collected. Immunohistochemistry was performed
on the tumors for detection of apoptosis using TdT-mediated dUTP nick end labeling assay.
Mice treated with Sur-BaxS184del and CMV-Bax showed extensive apoptosis, determined
by TdT-mediated dUTP nick end labeling staining (data not shown). Consistent with these
results, we observed tumor growth retardation with both Sur-BaxS184del and CMV-Bax
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(P<0.05), although Sur-BaxWT exhibited tumor growth similar to vector control (Figure 9).
These studies suggest that Sur-BaxS184del shows activity similar to CMV-bax and provides
a good tumor-targeted gene therapy reagent.

Discussion

Advances in cancer gene therapy have promoted the need for new and effective gene therapy
vectors. Safety of gene therapy vectors can be achieved by use of promoters to drive the
expression of gene of interest in specific cell types.! In this regard, TSPs are being
increasingly used for cancer gene therapy. Although the well-characterized TSPs such as
Her-2,31 Htert? and survivin’32 promoters show highly regulated tumor-specific activity, the
gene expression from these promoters can often be suboptimal. For the use of suicide genes
under the control of TSPs, it is essential that the activity of the suicide gene be maximized
for increased activity.

Bax is a proapoptotic member of the bcl2 family of genes that has been extensively used for
suicide gene therapy.215.18.21,22,33-35 Bay apoptotic activity is regulated by the translocation
of bax to the mitochondria, where it induces mitochondrial membrane permeabilization.24:25
It is believed that conformational changes in bax under apoptotic stimuli initiate bax
translocation to the mitochondria.12:2526 The C terminus of bax has been shown to regulate
mitochondrial translocation with serine at position 18426 and Threonine at 18224 having a
critical role in regulating this process. Recent evidence by Xin and Deng?8 suggests that the
Serine threonine phosphatase PP2A regulates bax phosphorylation under apoptotic stimuli.
The authors show that dephosphorylation of bax at position S184 allows bax to translocate
to the mitochondria and induce apoptosis. This information along with mutational studies of
bax C-terminal domain suggest that a dominant active form of bax would be significantly
more active that WT and beneficial for tumor-targeted suicide gene therapy.

Although WT bax under the control of CMV promoter has shown success in cancer gene
therapy, the utilization of bax under a TSP has shown limited success, especially in
adenoviral vector system.2 In nonviral system using WT bax with various TSP failed to
show significant activity in vitro.23 We used several mutant forms of bax under the tumor-
specific survivin promoter to test the efficacy of these nonviral vectors. Significantly
increased activity of Sur-BaxWT could be achieved by the deletion mutation S184del in
tumor cells. Although Sur-BaxS184del showed higher activity than WT both /n vitroand in
vivo, the vector was found to be nontoxic to normal human fibroblasts. This is in contrast to
the CMV-Bax vector, which was equally toxic to both normal and tumor cells. The increased
activity of S184del mutant was found to be due to enhanced apoptosis induction in a
partially caspase-independent manner. We also show that relatively low amounts of mutant
Bax were sufficient for apoptosis induction in agreement with the increased activity.

In vivo studies in DA-3 syngenic mouse tumor model showed that intratumoral injection of
Sur-BaxS184del vector induces apoptosis similar to CMV-Bax vector, which was more than
50% apoptosis in tumor tissue with both the vectors. However, this apoptosis induction only
translated to tumor growth retardation and not growth inhibition, most likely due to rapid

growing nature of DA-3 cells in Balb/c mice. However, the activity of Sur-BaxS184del was
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similar to CMV-bax suggesting that the vector can significantly enhance the activity of bax
under tumor-specific survivin promoter. Overall, this study provides a new improved system

of
su

using bax proapototic activity for gene therapy. Using constitutively active bax with
rivivn promoter can provide a safe and effective gene therapy system that can be adapted

for use with various tumors or delivery systems.
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Figure 1.

Map of pSur-Bax wild type (WT). Arrows indicate the position of restriction sites used for
cloning into puc18 backbone. Site-directed mutagenesis was used to generate T182A,
S184A and S184del plasmids. pCMV-Bax was obtained commercially (Upstate-Millipore).
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Figure2.
Increase in cytotoxicity of bax mutants. HeLa cells were co-transfected with 200 ng of

various bax constructs with 100 ng of pGL3 control luciferase reporter plasmid. Relative
survival was determined as luciferase activity compared with pucl8 control 48 h after
transfection. Data are mean + s.d. of triplicate observations. Experiments were repeated
twice with similar results.
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Figure 3.

Increased cytotoxicity of BaxS184del correlates with transfection efficiency: HeL a cells
were transfected with indicated bax constructs or vector control. The cells were assayed 24 h
after transfection for viability using either an (a) MTS assay or (b) adenosine triphosphate
measurement as a correlate of cellular viability using a luminescence-based assay. Data are
mean = s.d. of triplicate observations (**/~<0.01). (c) A typical transfection efficiency is
shown using an EGFP plasmid transfected in HeLa cells under identical conditions as above.
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Figure 4.

Lower amounts of S184del vector and expression levels are needed for apoptosis induction.
(a) HelLa cells were transfected with the indicated concentrations of bax plasmids along with
100 ng of luciferase reporter construct. Total amount of plasmid was 300 ng in each well and
normalized in all the samples by adding the appropriate amount of puc18 control. Survival
was determined as Luc activity 48 h after transfection. The curves were fit using Sigma plot
software and 1Cs calculated as ng of DNA required to induce 50% cytotoxicity. (b)
Expression bax protein in HeLa cells transfected with various constructs detected 48 h after
transfection using western blotting technique. Band intensities were quantified using
Quantity One software from Bio-Rad and represented as bax/tubulin ratio. Lower levels of
bax protein accumulation were detected in HeLa cells transfected with Sur-BaxS184del
vector.
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Increased cytotoxicity of BaxS184del is due to enhanced apoptosis. HeLa cells were
transfected with indicated bax constructs or vector control. The cells were collected 24 h
after transfection and analyzed for apoptosis. Apoptosis was determined either as (a)
mitochondrial depolarization using mitochondrial potential sensitive dye DiOC6 or as (b)
phosphatidyl serine exposure by Annexin V staining. Data are mean + s.d. of triplicate

observations (*£<0.01).

Cancer Gene Ther. Author manuscript; available in PMC 2020 May 13.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Garg et al.

Page 16

120
B Media
100 -
OZ-VAD
§ 80 -
2
o ==
o 601
2
©
E 40 A
20 -
O . ; .
Sur Bax WT  Sur Bax S184del puc 18

Figure6.
HeL a cells were transfected with indicated bax constructs or vector control along with a

luciferase reporter construct in the presence or absence of pan caspase inhibitor Z-VADfmk
(40 uM). Survival was determined as Luc activity 48 h after transfection. Data are mean +
s.d. of triplicate observations. Experiment was repeated twice with similar results.
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Increased cytotoxicity of bax mutant in various tumor cell lines. Human breast cancer cell
lines SKBR3 (a) MDA MB231 (b) and MCF7 (c) human colon cancer cell line HT29 (d)
mouse breast cancer cell lines DA-3 () or mouse neuroblastoma cell line TBJ (f) were co-

transfected with various bax constructs with a luciferase reporter plasmid as in previous
experiments. Relative survival was determined 48 h later as percent luciferase activity of
control-transfected cells. Data are mean * s.d. of three independent observations (*/<0.001).
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Figure 8.
Minimal toxicity of SurBaxS184del construct in normal human dermal fibroblasts. Normal

human dermal fibroblasts (NHDF) were co-transfected with various bax constructs with a
luciferase reporter plasmid. Relative survival was determined as percent luciferase activity of
pucl8 transfected.
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Balb/c mice were injected with 108 DA-3 murine breast cancer cell subcutaneously in the
flank on day 0. When the tumors reached 5-6 mm in diameter, various plasmids complexed

with jetPEI were injected intratumorally at 20 pg per mouse at days 5, 7 and 9. Tumor

volumes were measured twice a week for 4 weeks. Data represents mean + s.e.m. (7= 4-5
mice per group); *, where significant difference was seen with vector (puc18)-treated tumors

(P<0.05). Arrows indicated days when tumors were injected with DNA PEI complex.
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